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Abstract
Intercontinental air pollution transport has received little attention in the Southern
Hemisphere in comparison to the Northern Hemisphere. As air quality becomes an
increasingly important environmental and health problem for countries in the Southern
Hemisphere to control and improve, it is vital to be able to quantify the impact a given
region’s anthropogenic air pollution emissions will have on other regions downwind. In
this thesis, the Hemispheric Task Force on Air Pollution (HTAP2) Protocol was used to
quantify the impact of intercontinental air pollution transport for Southern Hemisphere
ozone (O3) and particulate matter (PM2.5) (and their key precursors) in Australia, South
America, South East Asia and Sub-Saharan Africa. A 2008 scenario, a 2030 RCP4.5
scenario and an alternate African renewable energy emission scenario (chosen given the
region’s rapid anthropogenic growth) were simulated to quantify this impact. It was
found that in 2008 foreign sources were responsible for: 53% of Australian O3
concentrations, 26% of South American O3, 57% of South East Asian O3 and 48% of
Sub-Saharan African O3 concentrations. Similarly, for PM2.5 it was found that in 2008
foreign sources were responsible for: 20% of Australian PM2.5 concentrations, 18% of
South American PM2.5 concentrations, 61% South East Asian PM2.5 concentrations, and
31% of Sub-Saharan African PM2.5 concentrations. It was shown that in 2030, the ratio
of foreign to local sources impacting O3 and PM2.5 concentrations will change for all
four regions. Australia will experience the largest change out of the four regions, with
relative foreign source contributions to O3 concentrations increasing to 73% (+20%
from 2008) and relative foreign sources contributions to PM2.5 concentrations increasing
to 31% (a +11% from 2008). An alternate 2030 emissions scenario in which African
growth is partly fuelled by renewable energy showed impacts both within the SubSaharan African region and outside the region, in Australia. Most notably, in this
1

scenario the sources impacting Australian PM2.5 concentrations became more local, with
a 2% decrease in the relative ratio of foreign to local sources. This research shows the
significant impact of intercontinental air pollution transport across the Southern
Hemisphere, both now and in the future. As Southern Hemisphere countries seek to
improve their air quality, they must consider not only their own local sources of air
pollutants but also those from distant continents, highlighting the need for global
cooperation in the area of air quality.
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List of Names or Abbreviations
PM2.5

Particulate matter equal to 2.5 microns or less

O3

Ozone

NO2

Nitrogen dioxide

SO2

Sulfur dioxide

PAN

Peroxyacetyl nitrate

CO

Carbon monoxide

GFED4

Global Fire Emissions Database version 4

MEGAN2.1

Model of Emissions of Gases and Aerosols from Nature version 2.1

CTM

Chemical transport model

HTAP2

Hemispheric Transport of Air Pollution Phase 2

RERER

Response to Extra-Regional Emission Reduction

AUS

Australia region

SAM

South America region

SEA

South East Asia region

SSA

Sub-Saharan Africa region
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1. Introduction
Our world has never been more connected. Consider, for example, the ease at which
people can acquire international products or talk to someone on the other side of the
globe. Though, when it comes to air pollution, often little thought is given as to how one
country’s pollution can affect another. In recent decades there has been a push to
understand the processes behind intercontinental air pollution transport. This has been
driven by increasing awareness around the affect one country’s pollution can have on
countries downwind, even when separated by oceans. Since 1979 the Convention on
Long-range Transboundary Air Pollution has addressed some of the major
environmental problems of the United Nations Economic Commission for Europe
region through scientific collaboration and policy negotiation (Byrne, 2015).

Increased awareness on the effects that anthropogenic pollution can have on our air
quality and climate have led many countries in the Northern Hemisphere to decrease
their anthropogenic emissions to reduce their air pollution. Large countries such as the
United States of America and China are starting to decrease their anthropogenic
emissions as a strategy to mitigate their impact on air quality and climate. This
behaviour in Northern Hemisphere countries has not been widely followed by most of
the countries in the Southern Hemisphere (World Health Organisation, 2010). Coupled
with increasing populations and urbanisation, it has never been more important to know
how intercontinental air pollution transport affects the Southern Hemisphere now and in
the future. The majority of research on air pollution transport has been focused in the
Northern Hemisphere as this is where most of the population resides and where the bulk
of anthropogenic pollutants are emitted. This thesis aims to quantify the importance and
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increase our understanding of intercontinental air pollution transport in the Southern
Hemisphere.

1.1 Air Pollutants
Air pollutants are trace gases and particles within the air that are hazardous to human
health and can negatively impact the environment. There are thousands of air pollutants
each with their own unique properties that can be hazardous, affecting air quality. Such
health effects include respiratory (e.g. asthma, bronchitis) and cardiovascular related
diseases, and some chemical species in the atmosphere have been found to have
carcinogenic properties (e.g. particulate matter) (Kampa and Castanas, 2008, Héroux et
al., 2015).
These gaseous and particulate pollutants are emitted by a variety of sources including
industry, mobile (e.g. automobiles, trains and planes) and natural sources (e.g. volcanos,
wildfires). They are classified as either primary or secondary pollutants. Primary
pollutants (such as nitrogen oxides and sulfur dioxide) are emitted directly from a
source into the atmosphere, while secondary pollutants are not emitted from a source,
but rather formed as a result of chemical reactions. Ozone is considered a secondary
pollutant in the troposphere as it is formed primarily by the oxidation of carbon
monoxide (CO) and hydrocarbons in the presence of nitrogen oxides (Lelieveld and
Dentener, 2000, Wang et al., 2018). Particulate matter (PM), ozone (O3), nitrogen
dioxide (NO2) and sulfur dioxide (SO2) are often used to indicate air quality and have
been termed by some as the “classical” air pollutants (Gloag, 1981).

13

1.1.1 Particulate Matter
Particulate matter (PM) is the general term used to describe suspended particles (liquid
or solid) in the air (also called aerosols). They can vary in terms of size and
composition, depending on how they were formed or emitted into the atmosphere. PM
can be emitted from a range of different sources including the burning of wood and
fossil fuels and formed from chemical reactions between primary pollutants (such as
nitrogen oxides, ammonia and sulfur dioxide) and atmospheric oxidants (such as
hydrogen peroxide and ozone) (Burnett et al., 2018, Hamanaka and Mutlu, 2018, Zheng
et al., 2020). PM is most commonly composed of nitrates, sulfates, ammonium, sodium
chloride, black carbon and mineral dust (Zeb et al., 2018). PM can pose a threat to
human health, though the ability of PM to cause damage to the human body is
dependent on the individual properties of the PM (e.g. the size, composition, origin,
solubility and their ability to produce reactive oxygen) (Adams et al., 2015).
PM that has an aerodynamic diameter no larger than 2.5 microns is referred to as PM2.5
and continues to be a growing concern to human health, as it is estimated to be
responsible for 90% of the premature deaths caused by air pollution (Goodkind et al.,
2019). PM2.5, due to its extremely small size, can travel into the lower regions of the
lung causing inflammation, which can lead to systemic inflammatory responses that
cause tissue damage, which can impair lung function leading to an array of respiratory
and cardiovascular problems (Du et al., 2016, Xing et al., 2016). While both short term
and long-term exposure to PM2.5 has been associated with poor health, there has been no
identified safe threshold for PM2.5 below which there are no impacts on human health.
Currently the World Health Organisation air quality guidelines suggest countries should
ultimately strive for an annual mean PM2.5 concentration of no greater than 10 µg/m3
and a 24-hour mean no greater than 25 µg/m3 (World Health Organisation, 2010).
14

It has been estimated that the annual global emissions of PM2.5 are between 64 and 101
Tg, with between 31 and 56 Tg of that from anthropogenic sources (non-anthropogenic
emissions include dust and volcanic emissions). Globally the largest source of PM2.5 is
biomass burning (including wildfires, residential fuel use and agriculture wastes), which
is estimated to contribute to 68% of global PM2.5 levels, with power generation as the
second largest (contributing to around 6% globally) (Chen et al., 2017, Klimont et al.,
2017).
1.1.2 Ozone
Around 90% of atmospheric ozone resides in the stratosphere and around 10% resides
in the troposphere. In the stratosphere, ozone has a beneficial impact for humans and
plants as it acts as a UV radiation shield. In the troposphere, ozone is a highly reactive
oxidant (Langematz, 2019).
Roughly 10% of tropospheric ozone comes from stratospheric influx (Zhang et al.,
2019b). The majority of tropospheric ozone is produced from photochemical reactions
between methane (CH4), volatile organic compounds (VOCs) and nitrogen oxides
(NOx), with NOx being mainly emitted from anthropogenic sources. As ozone formation
relies on photolysis, it occurs at faster rates in places with strong sunlight and higher
temperatures, like the tropics. The tropospheric ozone formation process can be seen in
reactions R1 to R6. In reaction 1, RH represents a generic VOC/hydrocarbon (opposed
to a specific VOC such as propane), with the resulting generic product represented as
RO2. In this case RO2 represents a molecule made up of a chain of organics and a
peroxy radical (O2). Generally, the formation of ozone is initiated by the reaction
between a VOC or CO and the hydroxyl radical (OH), seen in R1 and R2. The produced
HO2 or RO2 radical then reacts with NO to produce NO2. This process can also
15

regenerate the OH radical, as seen in R3 and R4. Finally, NO2 is photolysed to produce
NO and atomic oxygen, R5, and the atomic oxygen can then react with O2 to form O3,
as seen in R6 (Lelieveld and Dentener, 2000, Finlayson-Pitts and Pitts Jr, 1993). Within
the troposphere, O3 is only formed from NO2, with a null reaction cycle between NO2
and O3. (R4 and R5). This cycle is only disturbed in the presence of VOCs and CO
(Seinfield and Pandis, 2006).
𝑂𝑂2

(1)

CO + OH → HO2 + CO2

𝑂𝑂2

(2)

HO2 + NO → OH + NO2

(4)

O + O2 + M → O3 + M

(6)

RH + OH → RO2 + H2O
𝑂𝑂2

RO2 + NO → secondary VOC + HO2 + NO2 (3)
NO2 + hv → NO + O

(5)

While ozone is a trace species it still plays an important role in chemical and radiative
processes in the atmosphere as it is continually produced in some regions and destroyed
in others as opposed to just being redistributed by atmospheric motions, adding to its
complexity. Ozone has a chemical lifetime of several weeks (Jacob, 1999), making it a
longer-lived pollutant than PM2.5 (which has an average lifetime of 8 days) and as such
can be transported greater distances (Batterman et al., 2016).
Tropospheric ozone is statistically attributed to be the second most important air
pollutant in terms of impact to human health due to its mortality and morbidity impacts
as it can impair lung function (Mabahwi et al., 2014). It is also estimated to cause
billions of dollars in lost agricultural production annually, as it reduces photosynthesis
and carbon sequestration by entering the plant leaves where it generates other reactive
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oxygen species which cause oxidative stress, thereby decreasing photosynthesis and
plant growth (Ainsworth et al., 2012).
The World Health Organisation Air quality guidelines suggest countries should aim for
an 8-hour daily maximum of 100 ppb to minimise health and environmental impacts
(World Health Organization, 2010).
1.1.3 Nitrogen Oxides
Nitrogen oxides (NOx) are pollutants primarily produced from the combustion of fossil
fuels in power generation and automobile use (anthropogenic), biomass burning (natural
and anthropogenic), lightning (natural) and soil (natural). They have been linked to
multiple cardiovascular and respiratory diseases. Nitrogen dioxide (NO2) is emitted in
small proportions with nitrogen monoxide (NO) in roughly a 1:9 ratio. Once emitted,
NO can be oxidised to NO2 in the presence of VOC (reaction 3), which can happen over
a period of seconds to hours. NO2 can be cycled back to NO in the presence of sunlight,
and tropospheric ozone is formed during this process as described above (Seinfeld and
Pandis, 2016).
When NO is present it can participate in the removal of O3 through titration, as seen in
R7. During the daytime this reaction generally doesn’t affect the overall amount of O3
present, as it is balanced by the photolysis of NO2 (which leads to the production of
ozone). It is only at night and in the immediate vicinity of large NO emission sources
that this reaction dominates and leads to the removal of ozone. This can lead to lower
O3 concentrations directly around industrial centres with higher concentrations
appearing away from these centres (Kleinman et al., 2005).
NO + O3 → NO2 + O2 (7)
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The World Health Organisation Air quality guidelines suggest countries should aim for
a 40 µg/m3 annual mean and a 200 µg/m3 24-hour mean (World Health Organisation,
2010).
NO and NO2 are relatively short-lived species, with a chemical lifetime of around 1-2
days at the earth’s surface and around 2 weeks in the upper troposphere. The difference
in chemical lifetime is due to dominance of reaction 8 at the earth’s surface during the
daytime. As unlike the previous reactions which recycle NOx, reaction 8 is a terminating
reaction that removes the NOx from the atmosphere. The removal happens because
HNO3 is highly soluble and rapidly removed from the atmosphere via deposition. In the
upper troposphere this reaction does not dominate as there is a smaller concentration of
OH and the reaction rate constant is around 5 times smaller than that at surface
(Seinfeld and Pandis, 2016).
NO2 + OH + M → HNO3 + M

(8)

1.1.4 Sulfur Dioxide
Sulfur dioxide (SO2) is an atmospheric trace gas that is emitted from both anthropogenic
and natural sources. The primary emission sources are from the refinement
of sulfide ores, the burning of sulfur-contaminated fossil fuels and volcanic emissions.
Sulfur dioxide can be oxidised by the OH radical, ozone or hydrogen peroxide to
form sulfate aerosols which contribute to PM2.5. Long-term exposure to high
concentrations of SO2 can affect respiratory and cardiovascular health. SO2 is a
relatively short-lived species, with an average chemical lifetime of 1.5 days. The United
States of America as well as most countries in Europe have decreased their
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SO2 emissions mainly because of its role in the formation of acid rain. Acid rain is rain
that has an unusually low pH, it has negative impacts on the environment, air quality,
buildings and landmarks, as well as human health. It can be formed from both natural
sources (e.g. volcanic emissions) and anthropogenic sources (e.g. buring of fossil fuels),
though anthropogenic sources are attributed as the main cause of acid rain. An
increasing awareness of the negative impacts SO2 can have as an acid rain precursor
was the driving reason behind the SO2 emission decrease in the United States of
America and many European countries. In contrast, India and many countries in South
East Asia and Sub-Saharan Africa have yet to start decreasing their SO2 emissions
(Fioletov et al., 2015, Azimi et al., 2018, Clarke and Radojevic, 1987, Munton et al.,
1999).
Currently the World Health Organisation Air quality guidelines suggest countries
should work towards a limit of 20 µg/m3 as a 24-hour mean and a limit of 500 µg/m3 as
a 10-minute mean, though these limits are generally not a problem to achieve in most
countries. Most SO2 impacts (e.g. health and environmental) are felt instead through its
role as a precursor for PM2.5 (World Health Organisation, 2010).
1.1.5 Peroxyacetyl Nitrate
Peroxyacetyl nitrate (PAN) is a secondary pollutant that is hazardous to human health
even at low concentrations. It is formed through the reaction of VOCs with OH radicals
or through the photolysis of VOCs, which form peroxyacetyl radicals (CH3C(O)OO•).
These radicals can then react with NO2 to form PAN as shown in reactions 8 to 11
(Fischer et al., 2014, Singh and Hanst, 1981).
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𝑂𝑂2

(9)

𝑂𝑂2

(10)

CH3CHO + OH → CH3C(O)OO• + H2O

CH3O CH3 + hv → CH3C(O)OO• + CH3•
𝑂𝑂2

CH3COCHO + hv → CH3C(O)OO• + HCO

(11)

CH3C(O)OO• + NO2• + M ⇌ CH3C(O)O2NO2 + M (12)

PAN is an important component in tropospheric ozone formation as it acts as a reservoir
for NOx (reaction shown below). While it is a reactive compound, PAN is relatively
stable at low temperatures. Because of this stability, it can be transported over long
distances, until the temperature rises, at which point it will decompose (shown in R13)
and release NOx radicals that are a key component in the formation of tropospheric
ozone as discussed above (Tereszchuk et al., 2013, Fischer et al., 2014).
ℎ𝑒𝑒𝑒𝑒𝑒𝑒

CH3C(O)O2NO2 �⎯� CH3C(O)OO• +NO2

(13)

1.2 Chemical transport models
1.2.1 Chemical transport model formulation
In simple terms, models can be used to predict what will happen within a system. Their
role within the realm of atmospheric chemistry is to act as a diagnostic tool to better
understand the composition of the atmosphere or a prognostic tool to map past and
future scenarios.
Chemical transport models (CTMs) are focused on understanding the interactions
between multiple chemical species (both natural and anthropogenic) and reactions in the
atmosphere. The CTMs do this by simulating the concentration of each chemical
species in the atmosphere at any given point over a set time period by looking at the
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initial concentration of the chemical, the production and decay rates as well as the
transport of this chemical species in and out of the boundaries of a given model grid
box. This can be seen in Figure 1, which shows a simple one-box model (Jacob, 1999,
Rasch et al., 1997).
The models use mathematical representations to express different physical and chemical
atmospheric process, based on parameterisations that reflect the current understanding
of how these physical and chemical atmospheric processes work. As the understanding
of how these processes changes, these mathematical representations can be changed to
better reflect what is actually happening in the atmosphere. Once the different physical
and chemical atmospheric processes have been expressed, the model can use these to
calculate chemical species concentrations for a particular time and region using the
continuity equation (Ward, 2019, Lutgens et al., 1995). The continuity equation is a
mathematical formula for the mass conservation of a chemical. It describes the change
in number density of a chemical as a function of time by taking into account the flux
(chemical transport) in the Cartesian plane (x, y, z), the chemical production and loss
rate (within its local grid box), molecular diffusion and mixing ratio or mole fraction of
the chemical (Jacob, 1999). The general form of the equation can be seen in E1. Here,
−∇ ∙ 𝐹𝐹 refers to the flux divergence (Fout – Fin in the diagram below), P is the chemical

production combined with emissions and L is the chemical loss combined with
deposition (Brasseur and Jacob, 2017, Jacob, 1999).
𝜕𝜕𝜕𝜕
𝜕𝜕𝜕𝜕

= −∇ ∙ 𝐹𝐹 + 𝑃𝑃 − 𝐿𝐿
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E1

Figure 1 - Simple 1 box model for species X (Jacob, 1999)

Many CTMs use an Eulerian reference frame. These models can be 1- dimensional, 2dimensional but in most cases are 3-dimensional (3D) as this is reflective of the world
we live in. For 3D Eulerian models, the area that is modelled is broken up into multiple
stationary boxes to form a grid. This grid can be formed over just a specific region of
interest or over the entire world. These boxes that make up the grid are usually
measured in longitude and latitude for the first and second dimension and in altitude for
the third (Jacob, 1999).
1.2.2 General circulation models
General circulation models (GCMs) are used to simulate atmospheric dynamics such as
wind, precipitation and temperature. They are well known for their use in weather
forecasting. GCMs use mathematical equations of fluid motion to calculate different
variables like surface pressure, cloud cover and the temperature at different altitudes for
a given area (grid) on the globe. Once calculated, these atmospheric dynamics can then
be used not only for weather prediction but also as an input for chemical transport
models (Scher and Messori, 2019, Cess et al., 1990)
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CTMs are unable to simulate atmospheric dynamics. Instead this information is given as
an input from a GCM. GCMs simulate atmospheric dynamics to provide a data set
containing a 3D numerical representation of the weather. CTMs can then use this
meteorological data to calculate chemical concentrations (Yu et al., 2018).
1.2.3 Chemistry of chemical transport models
In order to simulate the chemistry in a three-dimensional CTM, the model solves the
continuity equation (equation 1) for each species in a set time frame (e.g. every 10
minutes, every hour, etc.). The exact form of the continuity equation will change
depending on how it is arranged and if any variables can be neglected (e.g. at lower
levels in the atmosphere molecular diffusion can be neglected, if solving for air the
values of P (local source term) and L (local sink term) are negligible and can therefore
be neglected, etc.) (Jacob, 1999).
1.2.4 Emissions inventories
Emission inventories are used as inputs by CTMs to provide the emission data of
chemical species from particular sources within a geographic area from a specified
timespan. Emissions (E in the above Figure 1) emitted into the atmosphere are provided
as inputs to CTMs from emission inventories (Jacob, 1999). There are two different
methods to develop an emission inventory, the top-down method or the bottom-up
method. The top-down method estimates emission data based on atmospheric
observations, whereas the bottom-up method estimates emission data based on
statistical analyses of activity data with region-specific emission factors (which can also
be based on atmospheric measurements). In a bottom-up estimate, a sector of interest is
chosen (for example the number of operating vehicles in the specific region), then the
emission data is estimated from this quantity. Both methodologies can be used to
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develop a single inventory as emissions from well-defined sources are best estimated
using a bottom-up approach (Guevara et al., 2017).

Emission scenarios are used to provide plausible future emissions estimates based on
current knowledge of natural and anthropogenic emissions sources and assumptions
about future socioeconomic trends. The representative concentration pathways (RCPs)
(IPCC, 2014) are common emission scenarios used to explore the effects that changes in
future (up to the year 2100) greenhouse gas emissions will have on the earth’s
atmosphere. There are several RCP scenarios, with RCP2.6 simulating the aim of
keeping global warming likely below 2°C above pre-industrial temperatures, RCP4.5
and RCP6.0 simulating two intermediate scenarios and RCP8.5 simulating the results of
very high greenhouse gas emissions (Van Vuuren et al., 2011, Lee, 2007).
The RCP scenarios are widely used by research groups to model the effects of future air
pollution; however, these have largely been focused on the Northern Hemisphere. The
majority of research done using the RCP scenarios focusing on the Southern
Hemisphere concentrated on temperature, rainfall and sea level rise (Zeng et al., 2015,
Streets et al., 2010).
To the best of my knowledge, there have been no papers published quantifying
intercontinental air pollution transport using the RCP scenarios. There are some papers
that explore the impacts of a given country’s RCP emission scenario and how this
would adversely affect neighbouring countries (Kim et al., 2015, Nazarenko et al.,
2015); however, intercontinental influences are never discussed in any detail or
quantified.
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CTMs are extremely helpful and needed in order to understand the impact of air
pollution transport as air pollutants are not stationary. They can travel far from their
place of origin, even across oceans. How far pollutants travel ultimately depends on
three factors: the quantity of the pollutant emitted, the meteorological conditions that
will transport the pollutants, as well as the physical and chemical processes that act on
the pollutants during transport (Fiore et al., 2015, Chan, 2011). In order to better
comprehend how air pollutants are transported over distances it is important to
understand the meteorological forces that act on them.

1.3 Atmospheric transport
The largest movement of air in the Earth’s atmosphere is in the horizontal direction.
This forms the basis for the general circulation of the atmosphere. This movement in the
horizontal direction is driven by temperature differences in the air causing high and low
pressure systems. As warm air rises it creates a low pressure zone at the ground and as
cold air descends it creates a high pressure zone. Air moving between these different
zones makes wind, with the speed being determined by the pressure difference between
the high and low pressure systems (Lutgens et al., 1995).
In the northern and southern hemispheres there are three types of large-scale circulation
cells, i.e. Hadley, Ferrel and Polar cells, as shown in Figure 2. Hadley cells are the
largest and located from the equator to 30° latitude in both hemispheres. The air in these
cells rises at the equator, then moves at altitude towards either the North or South Pole
before returning to the Earth’s surface and coming back towards the equator. The
movement of air in Ferrel cells is not driven by heat. Instead, they are driven by the
movement air in the Polar and Hadley cells surrounding them, making the Ferrel cells
operate in the opposite direction. Polar cells are the weakest of the cells and operate in
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the same direction as Hadley cells with the air moving upwards at around 60° latitude in
either hemisphere before moving at altitude towards the centre of the pole, sinking at
the highest latitudes and moving along the surface back to where it started (Knox and
Knox, 2016, Reis and Bejan, 2006)

Figure 2 - An illustration of the three different types of cells that drive global atmospheric circulation.
The global wind belts exist on the 0º, 30º and 60º latitudes in both hemispheres, with the movement from
each being shown by the red arrows pointing from the respective belt (Thorpe, 2019).

Global wind belts, which horizontally encircle the Earth, are the result of air moving
from high to low pressure systems at the base of atmospheric circulation cells. These
belts are found near the equator (causing tropical easterlies, also known as the trade
winds), at around 60º latitude in both hemispheres (creating polar easterlies) and at
around 30º latitude in both hemispheres (causing prevailing westerlies) (Lamb, 1975,
Stoffelen et al., 2005). The position of the trade winds and westerlies in relation to
specific countries can be seen below in Figure 3.
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Figure 3 – An illustration of a map of the world showing the average surface wind patterns (for the trade
winds and westerlies) (NASA and JPL-Caltech, 2020).

Zonal (or longitudinal) transport is the fastest type of transport (compared to
interhemispheric and meridional), with air being able to circumnavigate the globe in a
matter of weeks. This circulation is what drives the transport of air pollution at both
regional and intercontinental scales. This zonal transport is able to transport air (and
with it, air pollutants) in a relatively short time frame compared to meridional transport,
which can take 1 year for air to move from the northern to southern hemisphere. It
makes this type of zonal transport particularly relevant for chemical species that have a
lifetime within the range of weeks like ozone and its precursors as they are able to, in
some cases circumnavigate the globe (Bowman and Carrie, 2002, Jacob, 1999).
As circulation cells drive atmospheric circulation, interhemispheric transport has a
minimal impact on air pollution transport. The majority of interhemispheric transport
takes place at the intertropical convergence zone (ITCZ), which can be thought of as a
small belt generally located near the atmospheric equator. The ITCZ is formed by the
convergence of the trade winds from the northern and southern hemispheres. This
convergence forms a boundary, roughly between the two hemispheres. This acts as a
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meteorological barrier between the Northern and Southern Hemisphere troposphere.
The ITCZ location varies with season. As the location shifts it allows air to move
between the hemispheres (Jacob, 1999, Stohl et al., 2002)
Chemical transport models have been widely used to study intercontinental air pollution
transport in the Northern Hemisphere. A pathway of great interest to researchers is that
between eastern China and the west coast of North America. It has been found that
pollution from upwind regions in eastern China impact pollution levels in North
America, particularly on the western coast, causing greater ozone and particulate matter
concentrations than would exist with local sources alone. This foreign source of
pollution can partially offset the local air quality improvements made in North America
(Ewing et al., 2010, Ostro et al., 2007, Ngo et al., 2018).
The levels of air pollution in any given area comprise locally emitted pollutants and
pollutants from upwind emissions. While it is usually simpler to identify local sources
of pollutants by measuring in proximity to natural and anthropogenic sources within an
area, quantifying the impact of air pollution transport is more difficult because of the
many variables at play (such as meteorological conditions and the reactions between
different chemical species). Both local and distant sources can produce the same
pollutants (chemically speaking), so there is not typically an unambiguous way to
distinguish between them observationally. In order to ascertain the effects of non-local
pollutants on specific communities and the world at large, modelling is a useful
approach (Jacob, 1999). Most of the studies on intercontinental air pollution transport in
the Northern Hemisphere are based on the Hemispheric Transport of Air Pollution
(HTAP) protocol. This protocol allows for the direct comparison between the various
studies as the similar metrics are calculated in each study.
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1.4 Task Force on Hemispheric Transport of Air Pollution
In 2004 the Task Force on Hemispheric Transport of Air Pollution (TF HTAP) Phase 1
was created to improve the understanding of the transport of pollutants across the
Northern Hemisphere. This was led by the European Union and the United States. Since
2004, the TF HTAP has organised a series of research projects concerning the transport
of ozone, PM, mercury and persistent organic pollutants in the Northern Hemisphere
focusing on northern hemisphere regions. Around 27 institutes participated in this initial
task force using a variety of models (HTAP, 2012).
In 2012 the TF HTAP launched a new phase of experiments (HTAP2). The goals of this
new phase were to refine the sources of different anthropogenic air pollutants from
regional and remote sources and to provide a basis for model evaluation and uncertainty
values in regional and global models (Galmarini et al., 2017). Source /receptor analysis
was used to understand the relationships between anthropogenic emission sources and
their corresponding receptor regions. This allowed calculation of the impact of local and
foreign sources of pollution on specific regions, for 2008-2010. The regions to be
studied were increased (from the original HTAP list) to include regions in the Southern
Hemisphere; however, these were the lowest on the priority list and were never studied
(none of the models ever ran the required simulations for these regions). Currently there
is limited data available that estimates the impact of foreign and local sources of
pollutants such as PM2.5 and ozone in the Southern Hemisphere (Lim et al., 2012, Fu et
al., 2012).
Findings from HTAP2 showed how decreases in a given region’s anthropogenic
emissions will benefit countries downwind by reducing their surface-level ozone and
PM2.5 concentrations. In some cases, the perturbations of emissions in one region leads
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to a proportionally greater effect outside of the region compared to the decrease within a
region. This happens when the foreign region (outside of region) is more sensitive to the
change in local emissions than the local region (within region) itself. Generally, this
occurs when the foreign region has a comparatively lower level of emissions and
therefore any change made to incoming emissions will have a larger effect. This can be
seen in regions such as the Middle East, as when emissions are perturbed by 20% there
is a larger decrease in ozone and PM2.5 related deaths outside of the region compared to
the decrease within the region (Turnock et al., 2018).
This suggests that international cooperation is needed to coordinate emission policies to
mitigate global pollution transport. While there does not appear to be any work done
looking at the HTAP2 protocol and regions in the Southern Hemisphere specifically,
there are some studies that focus on a global scale that mention regions in the Southern
Hemisphere (Liang et al., 2018). However, as the Northern Hemisphere regions show
the greatest changes in response to the perturbations, there is little to no discussion of
the impacts in the Southern Hemisphere.
Around 90% of the world’s population resides in the Northern Hemisphere with the rest
living in the Southern Hemisphere (Pirie, 2018). This population disparity and the
resulting differences in anthropogenic emissions have resulted in the Southern
Hemisphere being overlooked for air pollution transport studies. In recent years, global
emission patterns have been gradually changing, with anthropogenic emissions
decreasing in North America and Europe and increasing in parts of South America,
Southeast Asia and Sub-Saharan Africa. These trends, coupled with low birth rates for
North America, China and most of Europe and high birth rates for parts of Southeast
Asia, South America and Sub-Saharan Africa, increase the importance and relevance of
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understanding air pollution transport in the Southern Hemisphere (Cleland, 2013,
Ahmadalipour et al., 2019, Shi et al., 2019).

1.5 Southern Hemisphere Air Pollution Transport
Existing research regarding air pollution transport in the Southern Hemisphere has
generally focused on the transport of CO from biomass burning, which has been used to
identify some transport pathways in the Southern Hemisphere. Biomass burning is the
combustion of organic matter from wildfires or purposely-lit fires for clearing land from
crop stubble or vegetation. Dry-season biomass burning has a significant impact on
Southern Hemisphere pollutant loading during the peak burning season from July to
September (Edwards et al., 2006a, Edwards et al., 2006b). A combination of satellite
and ground measurements coupled with models has highlighted a transport pathway
from South America to Southern Africa (South Atlantic anticyclonic circulation, seen in
Figure 4). During the dry season, biomass burning emissions are circulated from the
Amazon Basin to parts of Southern Africa (Liu et al., 2020)

Figure 4 - The main transport pathways for biomass burning emissions originating in South America,
southern Africa, Australia, and Indonesia (Edwards et al., 2006a)

It has been shown using both models and instrument measurements that increases in CO
in the Southern Hemisphere during spring are mainly due to biomass burning. The
transport of CO can be seen both horizontally across continents and vertically, moving
into upper regions of the troposphere (Staudt et al., 2001, Ding et al., 2015). Transport
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pathways can clearly be seen from South America to Sub-Saharan Africa and Australia,
with South American emissions able to reach Australia in a matter of weeks (Das et al.,
2017). Fire plumes can be a source of PM2.5 and ozone for downwind regions, though
only during the burning season (Kumar et al., 2020). While the identified biomass
burning transport pathways may also apply to the transport of anthropogenic pollutants
such as PM2.5 and ozone, their differences in source locations, seasonality and chemical
lifetimes, make the biomass burning research potentially relevant but not sufficient to
understand anthropogenic pollutant transport pathways (Lu et al., 2019).
There have also been a few studies focused on intercontinental transport of ozone in the
regions in the southern hemisphere. Generally, they suggest that a given region’s ozone
levels are increased by intercontinental air pollution transport. For example, Wu et al.
(2008), attributed more than 55% of present and future (2050) ozone over the South
Atlantic Ocean to air pollution transport. Thompson et al. (2014), showed evidence that
a mid-tropospheric ozone increase observed at stations Irene (located near Pretoria,
South Africa) and Reunion (located in the Indian Ocean around 2800km northeast of
Irene) over an 18-year period was consistent with increases in Southern Hemisphere
pollution.
Nearly all papers published to date on air pollution transport in the Southern
Hemisphere conclude by saying that further study is required to understand regional
transport pathways and dynamics (Thompson et al., 2014).

1.6 Anthropogenic pollution growth in Africa
Africa will see a large population growth in future decades, bigger than expected for
any other continent in the Southern Hemisphere. This rapid growth will affect the air
quality in Africa as well as in countries downwind such as Australia. It is difficult to
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understand the true scale of the anthropogenic air pollution in Africa due to the lack of
air quality monitoring stations located there compared to other parts of the world
(Mbow-Diokhane, 2019, Singh et al., 2020). Even with the lack of monitoring stations,
the impact air pollution is having on the continent is clear. From 1990 to 2017, the
number of deaths in Africa due to outdoor air pollution increased by nearly 60% to
258,000 (UNICEF, 2019).

Electricity generation is also a major source of air pollution in Africa due to coal-fired
power plants. Despite the role of electricity generation in current air pollution, much of
Sub-Saharan Africa (SSA) still lacks access to electricity as the region contains almost a
fifth of the world population but accounts for under 4% of global electricity use. As of
2018 more than half of Sub-Saharan Africa residents lacked access to electricity
(Ebhota, 2019). The United Nations currently has a goal of ensuring universal access to
modern energy services by 2030, though it appears only some of the countries in SSA
are on track to meet this. The lack of access to electricity provides an opportunity for
electrification to develop using clean renewable, rather than polluting, energy sources.
Examples of this renewable energy generation can be seen with large-scale
hydroelectric, geo-thermal, solar and wind power projects which make up the majority
of renewable energy sources in SSA (Pathak and Shah, 2019, Zhang et al., 2019a).

It is predicted that in the next 50 years, the population of Africa will double in size to
two billion people (Anoba, 2019). This level of population growth will likely cause
anthropogenic pollutant emissions to increase substantially due to an increasing demand
for resources, such as electricity. It is currently uncertain as to how Africa will electrify
in the future, and the implications will differ depending on whether Africa follows a
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renewable energy path. Rapidly increasing emissions from Sub-Saharan Africa will
have major implications for countries downwind such as Australia and New Zealand
because of intercontinental air pollution (Ichoku, 2020). However, without a clear
understanding of the influence of intercontinental transport in the Southern Hemisphere,
the extent of these impacts are impossible to estimate.

1.7 Summary and Aims
Intercontinental transport has been shown to be an important source of air pollution in
Northern Hemisphere countries. Modelling studies, such as those coordinated by HTAP,
have quantified the impact of intercontinental pollution transport on pollution burdens
across much of the northern hemisphere, but the southern hemisphere has largely been
excluded from this work. The little work that has been done in the southern hemisphere
has primarily focused on CO from biomass burning, but whether these findings apply to
anthropogenic pollutants is uncertain because of the different source locations,
seasonality, and pollutant lifetimes. Understanding these questions in the Southern
Hemisphere is becoming even more important in light of recent and projected growth
across this hemisphere, especially in Africa. While future growth in Africa is projected
to be large and generally expected to lead to large emission increases due in part to
electrification, there are opportunities for reduced emissions if renewable energy
sources are used. Therefore, the aims of this thesis are to:
1 – Analyse the sensitivity of PM2.5 and ozone to local anthropogenic emissions in the
Southern Hemisphere.
2 - Provide a quantitative estimate of Southern Hemisphere intercontinental transport on
the present-day (2008) distribution of pollutants of interest (PM2.5 and ozone) and how
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intercontinental contributions are expected to change by 2030 under expected Southern
Hemisphere emissions growth.
3 - Quantify how Southern Hemisphere intercontinental transport for 2030 would
change if electrification in Sub-Saharan Africa relied on an increased share of
renewable energy sources rather than conventional fossil fuel energy sources.
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2. Methodology
To address the three aims of this project, the methodology was split into three
corresponding parts. Part one applied the HTAP2 protocol to the Southern Hemisphere
to provide a quantitative estimate of the present-day (2008) importance of
intercontinental transport of five pollutants of interest: PM2.5, O3, NO2, SO2 and PAN.
Part two used the same methodology as part one to predict the role of intercontinental
transport in 2030 under the RCP4.5 projected emission scenario. Part three focused on
simulating a renewable energy African specific emission scenario, using the same
HTAP2 protocol but using a different set of emissions, to assess the impact this would
have on intercontinental pollution transport and distribution in the Sub-Saharan Africa
region and Australasia region. The methodology of each part is described in what
follows. This section describes the GEOS-Chem CTM used throughout (Section 2.1),
the HTAP2 protocol and its application to the 2008 and 2030 scenarios (Section 2.2),
the alternative African emissions scenario used for part three (Section 2.3), and the
methods used for the analysis.

2.1 GEOS-Chem
The GEOS-Chem CTM was used to run all simulations. The model was run on Gadi,
the national supercomputer at the National Computational Infrastructure (NCI) in
Canberra. GEOS-Chem is a global 3D Eulerian chemical transport model driven by
meteorological data from the Goddard Earth Observing System (GEOS) of the NASA
Global Modelling and Assimilation Office. It is used by over 100 different research
groups in 25 countries. GEOS-Chem version 12.8.1 (DOI: 10.5281/zenodo.3837666)
was used for this thesis.

36

Modern-Era Retrospective analysis for Research and Applications Version 2
(MERRA2) is a comprehensive record of global atmospheric reanalysis (a data set that
continually updates, combining both past to present-day observational data and model
output to represent the atmosphere (Huai et al., 2019)) produced using satellite data
from 1980 to the present day. This data was used to drive the GEOS-Chem model. It has
a native resolution of 0.5° latitude (lat) x 0.625° longitude (lon), which was downgraded
for computational efficiency following standard protocols when used as input to the
GEOS-Chem model. The model was run for 2008 with timesteps of 20 minutes, output
given in monthly increments and a spin-up of two months done for each perturbation of
the model. A horizontal resolution of 2° lat x 2.5° lon was used for the experiment, with
a vertical resolution of 47 levels spanning from the surface to 0.01 hPa.

The tropospheric chemistry simulation in GEOS-Chem was used, which includes over
200 coupled chemical species to describe the chemistry of the troposphere. The
anthropogenic emissions used are described in Section 2.2. The inventories used for
natural emissions include GFED4 (Global Fire Emissions Database version 4) for
biomass burning, MEGAN2.1 (Model of Emissions of Gases and Aerosols from Nature
version 2.1) for biogenic VOCs. The model also includes volcanic SO2 emissions and
NOx from soil and lightning.

2.2 HTAP2 Protocol
The following methodology was followed from the HTAP2 protocol in order for the
results to be comparable to those of HTAP2 (Galmarini et al., 2017). In the original
HTAP2 source/receptor analysis, HTAP emissions were reduced by 20% in a region of
interest to visualize and quantify the effect of a reduction of emissions in this one region
on regions downwind (HTAP, 2010). Generally, the HTAP2 protocol followed by the
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groups running this experiment involved running a “BASE” run of a model for 2008 –
2010 using the HTAP emission inventory. This inventory compiles a number
of anthropogenic regional emission inventories into a single centralized inventory. It
contains data on the anthropogenic sources of the following chemical species: NO, CO,
SO2, VOCs, SO4 and NH3. The sources in this inventory are divided into one of the
following categories: energy, industry, transport, ships, air (aviation), agriculture or
residential. As well as the “BASE” run, a “GLO” run was also simulated, in which all
emissions in the HTAP inventory were reduced by 20%, which effectively showed the
results that a 20% global decrease of anthropogenic emissions would have on species
concentrations. Finally, depending on their area of interest, a number of regional
simulations were run in which the HTAP inventory were reduced by 20% for a specific
geographic region (Galmarini et al., 2017).

For this experiment, six different perturbations of the model were run (Table 1): a base
simulation where there was no change in emissions (BASE 2008), a global simulation in
which all HTAP emissions were perturbed, reduced by 20% (GLO 2008) and four other
regional perturbations where all HTAP emissions were perturbed, reduced by 20%, only
within a specified source region (AUS 2008, SAM 2008, SEA 2008 and SSA 2008).
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Table 1 – Explanations and names of the different model scenarios. Note: all runs used meteorology and
natural emissions for March 2008-February 2009 (which is true even for the 2030 runs, as the only
change was the anthropogenic emissions).

Name

Emissions

Emissions Year

Emissions Reduction

Inventory
BASE 2008

HTAP

2008 - 2009

None

GLO 2008

HTAP

2008 – 2009

Global 20%

AUS 2008

HTAP

2008 – 2009

Australia 20%

SAM 2008

HTAP

2008 – 2009

South America 20%

SEA 2008

HTAP

2008 – 2009

South East Asia 20%

SSA 2008

HTAP

2008 - 2009

Sub-Saharan Africa 20%

BASE 2030

RCP4.5

2030

None

GLO 2030

RCP4.5

2030

Global 20%

AUS 2030

RCP4.5

2030

Australia 20%

SAM 2030

RCP4.5

2030

South America 20%

SEA 2030

RCP4.5

2030

South East Asia 20%

SSA 2030

RCP4.5

2030

Sub-Saharan Africa 20%

Lacey BASE 2030

Altered RCP4.5

2030

None

Lacey GLO 2030

Altered RCP4.5

2030

Global 20%

Lacey AUS 2030

Altered RCP4.5

2030

Australia 20%

Lacey SSA 2030

Altered RCP4.5

2030

Sub-Saharan Africa 20%
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The source regions of interest for this project were the Australia, New Zealand and
Pacific Islands region (AUS), the South America region (SAM), the South East Asia
region (SEA) and the Sub-Saharan Africa region (SSA) (see Figure 5 and Table 2 for
specific countries included in each regions).

Figure 5 - HTAP2 region map, showing the world split into the different regions as specified by the
HTAP2 definitions. The regions of interest in this thesis are SAM (purple), SSA (mid-green), SEA (neon
green) and AUS (dark green) (Galmarini et al., 2017).

40

Table 2 - HTAP2 region definitions (HTAP, 2012)

Region Name

Countries

AUS

Australia

SAM

Brazil, Uruguay, Paraguay, Argentina,
Chile, Peru and Ecuador

SEA

Indonesia, Malaysia, Singapore,
Thailand, Myanmar and Vietnam

SSA

Côte d’Ivoire, Angola, Benin, Burkina
Faso, Cameroon, Cape Verde, Chad,
Congo Brazzaville, Democratic Republic
of Congo, Equatorial Guinea, Gambia,
Ghana, Guinea, Guinea Bissau, Liberia,
Mali, Niger, Nigeria, Senegal, Sierra
Leone, Togo (excluding Sahel), Burundi,
Djibouti, Eritrea, Ethiopia, Kenya, Sudan,
Rwanda, Uganda, Somalia, Tanzania,
Angola, Botswana, Lesotho, Madagascar,
Malawi, Mauritius, Mozambique,
Namibia, South Africa, Swaziland,
Tanzania, Zambia, and Zimbabwe

These source regions were chosen as they are the HTAP2 regions of most relevance for
the Southern Hemisphere and were not included by any of the models that participated
in the formal HTAP2 exercise. The present-day simulations were run from March 2008
to February 2009 using the HTAP emissions inventory (Janssens-Maenhout et al.,
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2015). This time period was chosen as the HTAP inventory was designed for 2008 to
2010, so this is the time period for which emissions are available. Running scenarios
within this time period allowed for cross comparison of results with the northern
hemisphere HTAP2 papers. The future simulations were run using 2030 anthropogenic
emissions from the RCP4.5 emission inventory. Everything else, except the
anthropogenic emissions, stayed the same (e.g. same meteorology, natural emissions,
etc.) for the 2030 scenario as the scenario was only looking at the effect of
anthropogenic emissions growth.

In order to ensure the region emission masks used to simulate the emission
perturbations were working correctly, a Python script was written to plot the ratio of
emissions from the perturbation experiment to emissions from the base experiment. The
resulting plot would show a map of the world with a value of 0.8 where the perturbation
had been applied and 1.0 everywhere else. Initially there were problems with the
perturbation of coastal emissions, as coastal grid boxes were being set to 1.0 instead of
0.8 (e.g., the perturbation was not being applied). To fix this problem, new files specific
to the region being perturbed were created to force the model to perturb all grid boxes
within the region, including coastal grid boxes.

While the HTAP2 region definition for Australia includes New Zealand and the Pacific
Islands, emissions from New Zealand and the Pacific Islands were not perturbed as the
countries were not included in the mask file used to implement the emission
perturbation scenarios. This is due to the process GEOS-Chem uses to regrid the
original mask file from a resolution of 0.1° x 0.1° to the 2.0° x 2.5° required for the
simulation, as the majority of these countries are coastal and coastal grid boxes pose a
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challenge for the regridding algorithm. The regridding process happens online within
the CTM and therefore was unable to be changed for this thesis. Any future research
done in this area should first alter the mask file to include these missing countries at
2.0° x 2.5° resolution.

The HTAP2 definition of the South American region includes Brazil, Ecuador and Peru
as well as all of the countries to their south. Although some northern parts of Brazil and
Ecuador are geographically located in the Northern Hemisphere, they are still included
in this region definition as shown in Figure 5.

The South East Asian region as defined by HTAP2 includes Papua New Guinea, which
is therefore not part of the HTAP2-defined AUS (Pacific Islands, Australia and New
Zealand) HTAP region used for this work.

2.3 African renewable energy emission scenario
In order to assess the impacts a future renewable energy African emission scenario
would have on Southern Hemisphere intercontinental pollution transport and
distribution an emission scenario from Lacey et al. (2017) was used. This paper
evaluated the impact different emission scenarios would have on anthropogenic
emissions in SSA and deaths due to poor air quality. Here, to build on this work, the
effect of one of the scenarios (electricity generation) on the local and long-range
impacts of African emissions was analysed for Africa and the downwind region of
Australia. Lacey et al. (2017) based their scenarios on RCP4.5 emissions and the year
2030 was used as a feasible point by which these changes could have occurred.
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The scenario chosen focused on the use of renewable energy resources. There were (as
of 2017 when this paper was published) eight African countries (Angola, Egypt,
Ethiopia, Kenya, South Africa, Tanzania, Zambia, and Zimbabwe) that had sufficient
renewable energy resources with which they could potentially replace traditional power
generational fuels. This scenario assumed that by 2030 these countries would have 50%
of their energy needs supplied by renewable energy resources and will therefore have a
reduction in emissions relative to a base 2030 scenario in which all energy derived from
traditional power generation sources (e.g. coal-fired power plants). The scenario was
applied by subtracting the renewable energy emission reductions calculated by Lacey et
al. (2017) from the 2030 RCP4.5 emissions. Note that the baseline 2030 emissions used
by Lacey et al. (2017) to calculate the reductions was based on present-day emissions
scaled by the projected 2030 population (as opposed to using the RCP 4.5 scenario, for
which sector-specific values were not available at the time). When these reductions
were subtracted from the RCP4.5 scenario, it resulted in some grid box emissions
becoming negative (the reduction in emissions was larger than the original emissions for
the grid box) due to differences in the RCP4.5 and Lacey et al. (2017) baseline
emissions (largely small geographical offsets). When this was the case, the emissions
were set to zero for that particular grid box for the purposes of this work.
The methodology for evaluating the impacts of the Africa renewable energy scenario
was the same as used for the present-day and 2030 scenarios (using the HTAP2
protocol); however, only two regional perturbations were run: Australia, New Zealand
and Pacific Islands region and the Sub-Saharan Africa region. The goal of choosing
these two scenarios was to capture the local and downwind impacts of the shift to
renewable energy.
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2.4 Analysis
All of the analysis for this project was done using Python 3 in a Jupyter Notebook.
Scripts were written to analyse different metrics of the data, including changes in
concentrations of PM2.5, ozone, NO2, SO2 and PAN in response to regional reductions in
emissions and the Response to Extra-Regional Emission Reduction (RERER) metric
described below.
The RERER metric was developed for the HTAP2 protocol to measure the impact of
local and foreign air pollutants on a region’s species of interest. It is useful as it
provides a quantitative measure of impact that can be used to compare the impact of
foreign and local pollutants on different species of interest and can also be used to
compare across regions, including where pollutant burdens differ significantly. It is
defined as shown in Equation 2:
𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =

∑ 𝑅𝑅(𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)
∑ 𝑅𝑅(𝑎𝑎𝑎𝑎𝑎𝑎 𝑟𝑟𝑒𝑒𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔)

=

𝑅𝑅(𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔)−𝑅𝑅(𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)
𝑅𝑅(𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔)

E2

Where R(global) is the global response of a species quantity (e.g., surface level O3)
calculated as the value of the quantity in the global perturbation scenario (GLO) minus
the value in the unperturbed simulation (BASE) and R(region) is the regional response of
the same species quantity calculated from a given regional perturbation scenario minus
the value in the unperturbed simulation (BASE). A low RERER value (near zero) means
local pollutant concentrations are more dependent on local emissions whereas a higher
RERER value (near one) means local pollutant concentrations are more dependent on
foreign emissions. In most cases, the maximum RERER value is 1, meaning 100% of
emissions of a specific pollutant are attributed to foreign sources. However, sometimes
the RERER value can exceed 1 if emission reductions correspond to increasing
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concentrations, most commonly seen with ozone as it is titrated by NO emissions in
some industrial areas (Galmarini et al., 2017).
The results of this metric were calculated for PM2.5 and ozone for the 2008, 2030 and
2030 Africa-specific scenario model runs. O3 and PM2.5 were chosen as the species to
calculate the RERER values for as they are common indicators of air quality and have a
long enough chemical lifetime to undergo intercontinental transport, meaning they are
more likely than NO2 or SO2 to be influenced by foreign sources. These were calculated
by using the datasets for the BASE, GLO and regional perturbation (REG) runs and
taking the average over time of each dataset for the boundary level pollutant of interest
(e.g. ozone, as shown in the example code below in Figure 6). Then the datasets were
each sliced (unused data removed) to cover only the longitude and latitude of the region
of interest. The RERER equation was then applied to each grid box in the region of
interest, and the mean was taken over the latitude and longitude dimensions to produce
a single value for each region.

Figure 6 – A screenshot of the code used to produce the 2008 O3 RERER value
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There are a number of ways to calculate the RERER metric as the results change
slightly, depending on when in the process the spatial averaging is performed (e.g. after
the slice, after applying the RERER equation). Most other papers that calculate this
metric do not make it clear what exact method they use. Some papers appear to take the
mean at the end of the process (after the RERER equation is applied) as they produce
RERER plots of their region of interest, which would not be possible with the other
methods. Here, the different methods were tested for a few example scenarios, and there
was little difference between the different methods (0.05 or less). As a result, the
method explained above in this paragraph (mean calculated after applying the RERER
equation) was chosen to calculate the RERER metric.

47

3. Results and Discussion
Section 3.1 will discuss Australian air pollutant concentrations in 2008, the region’s
response to a reduction in anthropogenic emissions in 2008 and how 2030 emissions
will impact future air pollutant concentrations in the region. Sections 3.2, 3.3 and 3.4
will provide similar discussions for South America, South East Asia and Sub-Saharan
Africa, respectively. Sections 3.5.1 – 3.5.4 will explore the importance of
intercontinental pollution transport in 2008 and 2030 for Australia, South East Asia,
South America and Sub-Saharan Africa, respectively. Finally, Section 3.6 will explore
the effects of an alternate African renewable energy emissions scenario on air pollutant
concentrations and intercontinental pollution influence in Sub-Saharan Africa and
Australia.

3.1 Air pollution distributions in Australia and their response to an
anthropogenic emissions reduction
3.1.1 2008 scenario
The majority of anthropogenic pollutants in Australia are emitted on the east coast as
the majority of the country’s population lives there. Figures 7-11 show baseline
pollutant distributions in 2008 (left panels) and the response to a 20% reduction in
Australian anthropogenic emissions (right panels). When Australian anthropogenic
emissions are perturbed by 20% in 2008, the concentration of air pollutant species of
interest (PM2.5, O3, NO2, SO2 and PAN) are reduced primarily on the east coast of
Australia and also the southern part of Western Australia (PM2.5 and SO2) as seen in
Figures 7 -11.
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a)

b)

ppb

ppb

Figure 7 - (a) Australian NO2 in ppb in the 2008 BASE simulation and (b) the difference in Australian
NO2 in the 20% Australian emission perturbation scenario relative to the 2008 BASE simulation.

b)

a)

ppb

ppb

Figure 8 - (a) Australian SO2 in ppb in the 2008 BASE simulation and (b) the difference in Australian
SO2 in the 20% Australian emission perturbation scenario relative to the 2008 BASE simulation.
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b)

a)

ppb

ppb

Figure 9 - (a) Australian O3 in ppb in the 2008 BASE simulation and (b) the difference in Australian O3
in the 20% Australian emission perturbation scenario relative to the 2008 BASE simulation.

a)

b)

Figure 10 - (a) Australian PAN in ppt in the 2008 BASE simulation and (b) the difference in Australian
PAN in the 20% Australian emission perturbation scenario relative to the 2008 BASE simulation.
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b)

a)

µg/m

µg/m

Figure 11 - (a) Australian PM2.5 in µg/m3 in the 2008 BASE simulation and (b) the difference in
Australian PM2.5 in the 20% Australian emission perturbation scenario relative to the 2008 BASE
simulation.

Figures 7a and 8a show that most of Australia has a low annual average of NO2 and SO2
with maximum concentrations of around 2-3 ppb seen at the east coast around Sydney
and Brisbane and in south-western Australia. Decreases of up to 0.5 ppb in NO2 and
SO2 concentrations associated with the 20% reduction in Australian emissions can be
seen in Figures 7b and 8b around most of the NO2 and SO2 hotspots shown in Figures
7a and 8a.

In Figure 9a, maximum ground level O3 concentrations of around 25 – 30 ppb can be
seen along the east coast and parts of the west coast of Australia. However, in Figure 9b
once Australian anthropogenic emissions have been perturbed, a decrease in O3 (around
-0.5 ppb) can only be observed around the eastern side of Australia. While higher O3
concentrations on the east coast of Australia decrease in response to the perturbation of
anthropogenic emissions, the same is not seen for the west coast of Australia. The lack
of response to the change in anthropogenic emissions on the west coast of Australia can
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be attributed to the source of O3 concentrations here being from foreign sources (though
there may also be some natural sources O3 as well). As the perturbation only reduces
local anthropogenic emissions, any O3 from natural or foreign anthropogenic sources is
not affected by the reduction.

In 1998, the National Environmental Protection Council (NEPC) set Australian air
quality guidelines and goals for key pollutants. In these guidelines photochemical
oxidants (such as O3) are recommended to have a maximum concentration of 100 ppb
over an average of 1 hour and a maximum concentration of 80 ppb over an average of 4
hours with a goal of exceeding both of these maximums no more than once per year.
There are no guidelines or standards given for the maximum average O3 concentration
over a month or year. Data records (from atmospheric measurements) show that for
2008 the annual maximum 4-hour average O3 concentration in Melbourne, Perth,
Sydney, Brisbane and Canberra were 82 ppb, 76 ppb, 73 ppb, 61 ppb and 61 ppb
respectively, with Sydney only exceeding the 4-hour O3 maximum guideline twice in
the year. While these numbers are not directly relatable to the O3 plots in Figure 9 as the
cities cover a small area compared to model grid cell size, they do help provide a picture
of 2008 O3 concentrations in metropolitan Australia, showing that even in urban areas
of Australia O3 concentrations are reasonably low (Golder Associates, 2013).

In Figure 10a, PAN concentrations of 100- 200 ppt can be seen around the east coast of
Australia, with a maximum of 200 ppt around the Sydney region. When anthropogenic
emissions are perturbed, there is a decrease in PAN of around 5-15 ppt (Figure 10b),
primarily around eastern Australia. PAN concentrations seen in south Western Australia
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do not seem to be driven by Australian emissions (comparing Figure 10a to Figure 10b).
This suggest these concentrations are potentially due to an intercontinental influence.

Figure 11 shows that 2008 PM2.5 concentrations in Australia peak between 6-8 µg/m3 on
the mid-eastern Coast, around the Sydney region in NSW, and in parts of central
Australia. The source of PM2.5 in central Australia can be attributed to dust as there is
little anthropogenic activity here. Anthropogenic emissions perturbations, shown in
Figure 11b, result in a decrease in PM2.5 concentrations of around 0.5 µg/m3 around
Sydney NSW and around 0.2 µg/m3 in parts of eastern Australia, southern western
Australia and around the Queensland-Northern Territory border (the latter two areas
being mining regions).

The NEPC guidelines state the annual average maximum concentration on PM2.5 should
not exceed 8 µg/m3. When compared to many other countries in the world, Australia has
some of the lowest ambient PM2.5 concentrations, but even at these lower levels
Australians can still experience negative health impacts (Capon and Wright). PM2.5 can
have many different sources and the importance of these can differ depending on region.
In 2013, a PM2.5 characterisation study was undertaken at sites in the Upper Hunter
Valley, NSW, to help inform programs aimed at reducing PM2.5 and add to current
evidence to better inform government policies. Based on an annual average over the
sites, it was found that the biggest contributor to local PM2.5 was wood smoke (most
likely from domestic wood heaters, contributing greatly from May to October) closely
followed by secondary ammonium sulfate which forms through the combustion of fossil
fuels (e.g. motor vehicles, power stations) (CSIRO Marine & Atmospheric Research,
2013, Golder Associates, 2013). As SO2 is released it oxidises in the presence of
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radiation to form sulfuric acid, and this then reacts with ammonia emitted from
biological sources to form ammonium sulfate, making SO2 an important precursor to
PM2.5. Secondary nitrates only contributed around 3-6% of the local annual PM2.5
burden, making it comparatively less important as a precursor to PM2.5 (Vieno et al.,
2016, Baker and Scheff, 2007). This can be seen though Figures 7, 8 and 11, as the
PM2.5 plot (Figure 11) follows the pattern of the SO2 plot (Figure 8) more closely than it
does that of the NO2 plot (Figure 7).

Comparing the 2008 base simulation plots for NO2 and SO2 (Figures 7a and 8a), there is
a clear difference to the O3 and PM2.5 plots (Figures 9a and 11a) due to the relative
differences in chemical lifetimes. As O3 and PM2.5 are longer-lived species, they are
able to be transported across the region from their places of origin (most commonly a
mining site or metropolitan area). On the other hand, NO2 and SO2 have a chemical
lifetime of 1 to 2 days and as such are unable to move far from their place of origin.
Once again, the regional perturbation plots for NO2 and SO2 (Figures 7b and 8b) also
differ from the O3 and PM2.5 plots (Figures 9b and 11b) as the perturbation results in the
direct reduction of nearly all NO2 and SO2 hotspots, whereas the O3 and PM2.5
reductions are more widespread. While PAN has a relatively short lifetime of around 8
to 9 hours as it is destroyed by thermolysis, at colder temperatures in the upper
troposphere it is more stable and can act as a reservoir and carrier for NOx. This stability
at lower temperatures allows PAN to travel further than NO2 and SO2 (as seen in Figure
10a) (Tereszchuk et al., 2013).

The current Australian air quality standards can be seen below in Table 3. These were
recently revised in 2021. Above, Figure 11 shows that 2008 PM2.5 concentrations in
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Australia peak between 6-8 µg/m3 in highly populated or intensive mining regions of
Australia, close to or meeting the 8 µg/m3 annual mean for PM2.5 and suggesting that
these parts of Australia exceed the PM2.5 standard. 2008 NO2 concentrations are shown
to be well below the annual mean standard, peaking at around 2-3 ppb in parts of
Australia. The SO2 standard is not able to be compared to the results above as it is a 24hour mean instead of an annual mean. A 24-hour mean is used as the time measure for
SO2, as the main health effects from it are short-term and if the 24-hour mean standard
is achieved, there will also be low annual mean SO2 levels.
Table 3 – Australian National Environmental Protection Measure for Ambient Air Standards
(Department of Planning, Industry & Environment, 2021)

Pollutant

Averaging Time

Standard

PM2.5

Annual mean

8 µg/m3

Photochemical oxidants as

8-hour mean*

65 ppb

NO2

Annual mean

15 ppb

SO2

24-hour mean*

20 ppb

such O3

* There are no annual mean values available for these pollutants

55

3.1.2 2030 scenario
There is a small decrease seen in NO2 emissions around urban areas in Eastern Australia
but little change elsewhere in the country (Figure 12a) while SO2 emissions show a
a)

greater change (Figure 12b).

b)

Figure 12 – a) Australian NO2 in ppb in the 2030 BASE Scenario relative to the 2008 BASE Scenario
(2030 BASE – 2008 BASE) and (b) the difference in Australian SO2 in ppb in the 2030 BASE Scenario
relative to the 2008 BASE Scenario (2030 BASE – 2008 BASE)

The RCP emissions inventory predicts that by 2030 some mining operations in Australia
will have shut down or reduced operations, thereby reducing the anthropogenic
emissions around those areas. This is most notably seen around Kalgoorlie (southern
region of Western Australia), which can be clearly seen in Figure 12b with an SO2
reduction of 0.5-2 ppb. While the RCP emissions inventory predicts that by 2030 the
Kalgoorlie mine will have completely closed, recent news articles suggest otherwise,
with operations predicted to continue to at least 2035 (Lucas, 2020). The information
disparity could be due to a number of factors, including the recent discovery of new
gold reserves (valued at around $26 billion), new owners acquiring a 50% stake in the
mine and the renovation of some of the rock fall and earthquake damaged mines (Lucas,
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2020). Not only does available news predict that the mine will still be operating by
2030, a strategic review released by the mine company reveals the annual output is
expected to increase to more than 675,000 ounces in gold for the 2027-2028 financial
year (up from 465,000 ounces in 2019) (Armstrong, 2020). This information suggests
the RCP4.5 scenario is not likely to be accurate for the southern region of Western
Australia and that the modelled decrease in concentrations of SO2 (and as a result PM2.5)
may in fact become an increase. In contrast, the Westmoreland Project (located in
Northwest Queensland adjacent to the Northern Territory border) is projected by the
RCP4.5 emission inventory to have an increase in mining activity and therefore
emissions as seen in Figure 12b with around a 2 ppb increase in SO2 concentrations.
Despite the increase in SO2 concentrations and little to no change in NO2
concentrations, PM2.5 still shows a decrease in this area (Figure 13b). It is unclear why
this is the case, potentially if the black carbon and organic carbon aerosols in the region
decreased this could outweigh the SO2 emission increase and be the cause of the PM2.5
decrease.
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b)

a)

Figure 13 – a) Australian O3 in ppb in the 2030 BASE Scenario relative to the 2008 BASE Scenario
(2030 BASE – 2008 BASE) and (b) the difference in Australian PM2.5 in µg/m3 in the 2030 BASE
Scenario relative to the 2008 BASE Scenario (2030 BASE – 2008 BASE)

The 2030 emission baseline scenario shows a general decrease in Australian O3 and
PM2.5 relative to the 2008 baseline scenario (Figures 12a and 13b), with O3 decreases of
up to 2 ppb in eastern Australia and PM2.5 decrease up to 1 µg/m3 around the east and
west coasts of Australia. This shows that in the RCP4.5 emission inventory, key
Australian air pollutants are projected to decrease from 2008 to 2030, with an exception
for SO2 (expanded on above). The response to the anthropogenic emission perturbation
in 2030 for O3 and PM2.5 is similar to that in 2008 (Figures 14a and 14b).
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a)

b)

Figure 14 - a) Australian O3 in ppb in 2030 due to a 20% Australian anthropogenic emission
perturbation relative to the 2030 baseline (2030 AUS – 2030 BASE) (b) PM2.5 in µg/m3 in 2030 due to a
20% Australian anthropogenic emission perturbation relative to the 2030 baseline (2030 AUS – 2030
BASE)

To illustrate this point, the response is shown in Figure 14 for O3 and PM2.5, but all
species responses were similar to those shown in Section 3.1.1. There are decreases seen
across the country for both species, with O3 decreases of up to 0.5 ppb on the east coast
(Figure 14a) and PM2.5 decreases of up to 0.3 µg/m3 around the Sydney area (Figure
14b).

The similarity of the 2030 scenario to the 2008 scenario suggests that there is little
expected change in the major source regions of Australian pollution from 2008 to 2030
and perhaps that the relative importance of Australian emissions to Australian pollution
doesn’t change substantially, though this will be investigated in more detail in Section
3.5.1.
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3.2 Air pollution distributions in South America and their response to
an anthropogenic emissions reduction
3.2.1 2008 scenario
This section explores the modelled pollution distributions in the HTAP2 South
American (SAM) region. While some countries such as Colombia and Venezuela are
included in the plots below, they are not part of the South America region undergoing
perturbation as defined by HTAP2 (as seen in in Figure 15b), and therefore are not
expected to show a response to the South American perturbations discussed in this
section.
a)

b)

Figure 15 - a) Map of South America, identifying the countries within the continent (Hatzold, 2013)
b) HTAP2 defined SAM region shown in purple, as defined by ((Galmarini et al., 2017)

Figures 16 - 20 shows that the majority of anthropogenic emissions in South America
are emitted in and around São Paulo, the most populous city in Brazil (on the Mid-East
Coast) and down the western coast in Chile and Peru (mainly attributed to mining
activity) (Huneeus et al., 2020). When South American anthropogenic emissions are
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perturbed by 20% in 2008, the concentration of air pollutant species of interest (PM2.5,
O3, NO2, SO2 and PAN) are reduced primarily in these areas, as seen in Figures 16 -20.

b)

a)

ppb

ppb

Figure 16 - (a) South American NO2 in ppb in the 2008 BASE simulation and (b) the difference in NO2
in ppb in the 20% South American emission perturbation scenario relative to the 2008 BASE simulation

b)

a)

ppb

ppb

Figure 17 - (a) South American SO2 in ppb in the 2008 BASE simulation and (b) the difference in SO2 in
ppb in the 20% South American emission perturbation scenario relative to the 2008 BASE simulation
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b)

a)

ppb

ppb

Figure 18 - (a) South American O3 in ppb in the 2008 BASE simulation and (b) the difference in South
American O3 in ppb in the 20% South American emission perturbation scenario relative to the 2008
BASE simulation

a)

b)

µg/m

µg/m

3

Figure 19 - (a) South American PM2.5 in µg/m3 in the 2008 BASE simulation and (b) the difference in
South American PM2.5 in in µg/m3 in the 20% South American emission perturbation scenario relative to
the 2008 BASE simulation
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b)

a)

Figure 20 - (a) South American PAN in ppt in the 2008 BASE simulation and (b) the difference in South
American PAN in ppt in the 20% South American emission perturbation scenario relative to the 2008
BASE simulation

The South America 2008 annual average BASE simulation plots for NO2 and SO2
(Figures 16a and 17a) show a similar pattern to the Australian plots (Figures 7a and 8a),
with maximum concentrations appearing directly around metropolitan and mining areas
due to the relatively short chemical lifetime. Maximum concentrations of 2-4 ppb can be
seen directly around São Paulo (for both NO2 and SO2), around Santiago (for NO2) and
along the west coast of Chile (for SO2). Figures 16b and 17b show when anthropogenic
emissions are perturbed maximum decreases where there were maximum concentrations
in the base plots (Figures 16a and 17a).

2008 annual O3 concentrations in South America peak at around 40 ppb around São
Paulo and its surroundings as well as in northern Chile (Figure 18a). When South
American anthropogenic emissions are perturbed by 20% (Figure 18b), O3
concentrations are reduced by around 1-1.5 ppb around the São Paulo area and across
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Ecuador (a small country located in the northwest of South America). Decreases of 0.10.5 ppb can be seen throughout Argentina, Brazil, Bolivia, Paraguay and Uruguay.
While there was a high annual concentration of O3 in northern Chile, this did not exhibit
a large decrease in response to the emissions perturbation like the area around São Paulo
did. In contrast, O3 concentrations northern Chile decreased by only around 0.5 ppb,
suggesting that the O3 concentrations in this area are more influenced by natural sources
(as opposed to anthropogenic).

Figure 19a shows annual PM2.5 concentrations reach a maximum of 10 µg/m3 directly
around São Paulo and halfway down the border region between Argentina and Chile
(around Santiago, the capital of Chile). There are generally concentrations of 4-8 µg/m3
throughout the rest of the region, with lower concentrations of up to 2 µg/m3 in southern
South America and parts of eastern Brazil. Perturbing South American anthropogenic
emissions (Figure 19b) leads to decreases in PM2.5 concentrations of 1.5 µg/m3 around
São Paulo and halfway down the Argentina-Chile border, in the same areas the
maximum concentrations were seen in Figure 19a. Decreases of 0.5-1 µg/m3 can be
seen on the west coast of Chile and throughout Argentina, Bolivia, Brazil, Ecuador,
Paraguay and Peru. The reductions in PM2.5 and SO2 follow a similar pattern, with
reductions along the West Coast of South America and São Paulo, highlighting the
important role of SO2 in the formation of PM2.5.

Annual average PAN concentrations reach a maximum of 300 ppt over São Paulo, with
concentrations of 100-250 ppt seen in parts of Argentina, Bolivia, Brazil, Ecuador,
Paraguay and Peru. Lower concentrations 0-50 ppt can be seen in Western Brazil,
Southern Chile and Southern Argentina (Figure 20a). Once anthropogenic emissions are
perturbed, maximum decreases of 30 ppt can be seen in Ecuador and one grid cell in
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Mid-West Brazil. Decreases of 5-20 ppt can be seen throughout the rest of South
America (Figure 20b). The decreases observed for PAN follow a similar pattern to those
observed for NO2 (Figure 16b), highlighting the dependence of PAN on NO2 precursor
emissions.

There are no air quality guidelines or standards that encompass South America as a
whole; instead, each country has their own standards with varying levels of success in
implementing and enforcing these standards (de Fatima Andrade et al., 2017, Akimoto,
2003, Molina et al., 2017). Air pollution is a pressing concern in the region, with an
estimated 45,000 premature deaths annually due to poor air quality. Transport and
industrial emissions are the two main sources of air pollutants across South America
(Molina et al., 2015). In order to try to curb emissions from these sectors, many South
American countries are investing in public transport infrastructure and renewable
energy (UNEP, 2015).

As Brazil is the largest country in South America and home to the region’s most
populous city (São Paulo) its air quality guidelines are explored below. In 1988, the
Brazilian National Air Quality Standards (NAQS) were established to provide targets to
work towards to improve Brazilian air quality. In 2018 these were revised to be more in
line with the World Health Organisation’s Air Quality Guidelines. Some of the pollutant
guidelines are shown below in Table 4. The PM2.5 standard of 10 µg/m3 is reached
around the São Paulo area in 2008, while the other areas in Brazil stay below this
standard. This suggests that efforts should be made to decrease PM2.5 concentrations
within the São Paulo area in Brazil in order to keep to the guidelines (Siciliano et al.,
2019)).
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Table 4 – Brazil NAQS 2018 for selected pollutants (Siciliano et al., 2019)

Averaging Time

Standard (µg/m3)

Standard (ppb)

PM2.5

Annual mean

10

-

O3

8-hour mean*

100

51

NO2

Annual mean

40

21

SO2

24-hour mean*

20

7

Pollutant

* There are no annual mean values available for these pollutants
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3.2.2 2030 Scenario
The 2030 emission scenarios for South America (Figures 21 - 23) show that there are
both increases and decreases in concentrations of the species of interest (O3, PM2.5, NO2
and SO2) projected for 2030, with smaller reductions in 2030 than simulated for an
equivalent 20% emission reduction in 2008.
b)

a)

ppb

ppb

Figure 21 – a) South American NO2 in ppb in the 2030 BASE Scenario relative to the 2008 BASE
Scenario (2030 BASE – 2008 BASE) and (b) South American SO2 in ppb in the 2030 BASE Scenario
relative to the 2008 BASE Scenario (2030 BASE – 2008 BASE)

a)

b)

Figure 22 - a) O3 in ppb in 2030 South America difference plot (2030 BASE – 2008 BASE)
b) O3 in ppb in 2030 South America emission perturbation difference plot (2030 SEA – 2030 BASE)
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b)

a)

Figure 23 - a) PM2.5 in µg/m3 in 2030 South America difference plot (2030 BASE – 2008 BASE)
b) PM2.5 in µg/m3 in 2030 South America emission perturbation difference plot (2030 SEA – 2030
BASE)

2030 NO2 concentrations (Figure 21a) exhibit small changes compared to the 2008
concentrations, with a slight decrease in concentrations directly around São Paulo (up to
1 ppb) and a slight increase (up to 0.5 ppb) in most other parts in South America. SO2
concentrations show the change from 2008 to 2030 is largely centred around the mining
areas along the Chilean and Peruvian coast, with a 2-ppb decrease running along the
coastline (Figure 21b). This is largely due to a reduction in local anthropogenic
emissions due to a decrease in mining activity in the area. The reduction is also coupled
with some increases in mining emissions, in a grid box in Eastern Brazil and a grid box
on the Chilean coast.
For O3 there is an increase in concentrations from 2008 to 2030 of around 1- 2 ppb
throughout central South America with coastal regions showing a decrease in O3
concentrations (Figure 22a). This change is reflective of the change seen above in the
NO2 2030 difference plot (Figure 21a), highlighting the role of NO2 as a precursor to
O3. Once anthropogenic emissions are perturbed in 2030, a decrease in O3
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concentrations can be seen throughout South America, with the highest reductions (up
to 1 ppb) seen in Brazil, Argentina and Ecuador (Figure 22b).

Figure 23a is similar to Figure 21b, the SO2 2030 - 2008 emission difference plot, in
that they both exhibit a decrease in concentrations along the west coast of South
America, due to a projected decrease in mining activity. This highlights the important
role SO2 plays as a precursor for PM2.5. After the 20% emission reduction, Figure 23b
shows that PM2.5 concentrations are more sensitive to an anthropogenic emission
decrease in the area around Sao Paulo compared to the rest of the region. This is due to
the relatively high concentrations of pollutants in the Sao Paulo area, despite the
projected decreases in precursors shown in the NO2 and SO2 plots (Figures 21a and
21b).
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3.3 Air pollution distributions in South East Asia and their response to
an anthropogenic emissions reduction
3.3.1 2008 scenario
In recent decades, anthropogenic emissions in South East Asia (shown below in Figures
24a and 24b) have increased significantly as transportation, residential, power and
industrial sources grew due to increasing populations and growing economies.

Figure 24 - a) Map of South East Asia, identifying the countries within the continent (USGS, 2019)
b) HTAP2 defined SEA region, shown in light pink (Galmarini et al., 2017)

Growth is expected to continue over the next decades. In 2008 the South East Asian
population was around 587 million and is expected to be 738 million by 2030 (Xu et al.,
2019). Within South East Asia the largest sources of anthropogenic pollutants are
located around megacities and mining areas. The three largest cities in South East Asia
are Jakarta in Indonesia, Manila in the Philippines and Bangkok in Thailand. The largerscale mines are located in Indonesia, with smaller-scale mines seen in the Philippines,
Malaysia, Vietnam, Myanmar, Laos and Thailand (Xu et al., 2019). This projected
increase in population coupled with economic development is expected to lead to a
further rise in anthropogenic emissions and a decrease in air quality. Impacts of this
growth for air pollution burdens are discussed in this section. Outside the HTAP270

defined boundaries of the South East Asia region, high amounts of PM2.5 can be seen in
China and India, highlighting the high level of air pollutants in these neighbouring
countries that will likely have an impact on South East Asian pollution levels – an issue
that is explored in Section 3.5.3. Figures 25 – 29 are discussed below.

b)

a)

ppb

ppb

Figure 25 - (a) South East Asian NO2 in ppb in the 2008 BASE simulation and (b) the difference in
NO2 in ppb in the 20% South East Asian emission perturbation scenario relative to the 2008 BASE
simulation

b)

a)

ppb

ppb

Figure 26 - (a) South East Asian SO2 in ppb in the 2008 BASE simulation and (b) the difference in
SO2 in ppb in the 20% South East Asian emission perturbation scenario relative to the 2008 BASE
simulation
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b)

a)

Figure 27 - (a) South East Asian PAN in ppt in the 2008 BASE simulation and (b) the difference in
PAN in ppt in the 20% South East Asian emission perturbation scenario relative to the 2008 BASE
simulation

b)

a)

ppb

ppb

Figure 28 - (a) South East Asian O3 in ppb in the 2008 BASE simulation and (b) the difference in O3
in ppb in the 20% South East Asian emission perturbation scenario relative to the 2008 BASE
simulation
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b)

a)

µg/m3

µg/m3

Figure 29 - (a) South American PM2.5 in µg/m3 in the 2008 BASE simulation and (b) the difference
in South American PM2.5 in µg/m3 in the 20% South American emission perturbation scenario
relative to the 2008 BASE simulation

South East Asia 2008 annual average NO2 and SO2 (Figures 25a and 26a) show a
similar pattern to that seen for Australia (Figures 7a and 8a), with maximum
concentrations appearing directly around megacities and mining areas due to the
relatively short chemical lifetime. Maximum concentrations of between 2-4 ppb can be
seen in parts of Northern South East Asia (mainly in Cambodia and Vietnam). Once
anthropogenic emissions are perturbed for the region (Figure 25b – 26b), decreases are
mainly seen where higher concentrations were seen in Northern South East Asia.

Maximum concentrations of up to 10 ppb can also be seen on an island in Papua New
Guinea (in the bottom right of Figure 26a). The large amount of SO2 concentrations
seen here are due to volcanic activity, a natural source of SO2. The fact that this
maximum is due to a natural source is confirmed in Figure 26b, as when anthropogenic
emissions are decreased there is no corresponding change seen in SO2 emissions for that
island.
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Annual average PAN concentrations reach a maximum of 400 ppt in parts of Vietnam,
Cambodia and Indonesia, with concentrations of 100-350 ppt in the rest of northern and
western South East Asia (Figure 27a). Once anthropogenic emissions are perturbed,
decreases of up to 30 ppt can be seen throughout South East Asia with peaks in
Indonesia and Malaysia (Figure 27b). The response to the emission perturbation, shows
a similar pattern (but not intensity), to the NO2 response to the emission perturbation.

In Figure 28a, maximum O3 concentrations of 20-40 ppb can be seen in northern and
western South East Asia. Low O3 concentrations of less than 10 ppb can be seen in
eastern South East Asia (Indonesia and Papua New Guinea). When anthropogenic
emissions were perturbed by 20% (Figure 28b), O3 concentrations in parts of Indonesia
and Malaysia showed the largest decrease in concentrations, between 1 and 1.5 ppb.
Concentrations in the rest of South East Asia decreased by at least 0.5 ppb except in
Papua New Guinea, where there appears to be little to no change in concentration.
Papua New Guinea exhibits little to no change in concentration in O3 as there is little
anthropogenic influence in this country (as seen in the NO2 plot, Figure 25a), it is a
relatively pristine area and therefore has no response to the change in anthropogenic
emissions.

Figure 29a shows annual mean PM2.5 concentrations in South East Asia reach a
maximum of 40 µg/m3 in Cambodia. Elsewhere, South East Asian PM2.5 concentrations
are generally closer to 0 - 20 µg/m3, with northern and western South East Asia showing
higher concentrations compared to eastern South East Asia (parts of Indonesia and
Papua New Guinea). Once anthropogenic emissions are perturbed for the region (Figure
29b), decreases in PM2.5 concentrations of 2 µg/m3 can be seen in parts of Vietnam and
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Thailand. Beyond these areas, a general decrease of around 1 µg/m3 can be seen in the
other areas in northern and western South East Asia. PM2.5 concentrations in eastern
South East Asia decrease by up to 0.5 µg/m3 decreases.
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3.3.2 2030 scenario
The 2030 emission perturbation scenarios for South East Asia (Figures 30 - 32) show
that there are both increases and decreases in concentrations of the species of interest
(O3, PM2.5, NO2 and SO2) projected for 2030 relative to 2008.
a)

b)

Figure 30 – a) South East Asian NO2 in ppb in the 2030 BASE Scenario relative to the 2008 BASE
Scenario (2030 BASE – 2008 BASE) and (b) South East Asian SO2 in ppb in the 2030 BASE Scenario
relative to the 2008 BASE Scenario (2030 BASE – 2008 BASE)

a)

b)

Figure 31 - a) O3 in ppb in 2030 South East Asia difference plot (2030 BASE – 2008 BASE)
b) O3 in ppb in 2030 South East Asia emission perturbation difference plot (2030 SEA – 2030 BASE)
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a)

b)

Figure 32 - a) PM2.5 in µg/m3 in 2030 South East Asia difference plot (2030 BASE – 2008 BASE)
b) PM2.5 in µg/m3 in 2030 South East Asia emission perturbation difference plot (2030 SEA – 2030 BASE)

Figures 30a and 30b show that there will be both increases and decreases in NO2 and
SO2 concentrations in the South East Asian region in 2030, compared to 2008. An
increase of up to 2 ppb for both NO2 and SO2 can be seen in parts of Thailand, Malaysia
and Indonesia. Increases can also be seen (particularly for NO2) in Indian emissions and
along a shipping route between India and Malaysia. While these emissions are not part
of the South East Asia region defined by HTAP2 (Figure 24b), their magnitude and
proximity mean they will likely have a significant impact on South East Asia pollutant
burdens. Though while Indian emissions can be seen increasing, there is a widespread
decrease in NO2 and SO2 emissions in eastern China. This decrease would likely have an
effect on South East Asia due to the proximately of the country to the South East Asia
region, even though it is located to the north of the region and the transport of air would
be meridional. NO2 decreases by roughly 1 ppb in northern parts of Indonesia and up to
2 ppb in SO2 elsewhere in Indonesia and in Northern Thailand.

From 2008 to 2030, O3 concentrations increase by up to 5 ppb in northern South East
Asia and nearby ocean areas (Figure 31a). This increase can be attributed to rising
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emissions (both from foreign and local/regional sources) in India, northern South East
Asia and in the shipping routes between these countries. Decreases of up to 5 ppb can
be seen in southern Indonesia, co-located with the NO2 decrease shown previously.
Once emissions are reduced by 20% (Figure 31b), the entire South East Asian region
exhibits a decrease in O3 concentrations of up to 1.5 ppb, with similar decrease in the
surrounding ocean area. The largest O3 reductions are located in areas with the highest
local emissions.

Comparing the 2030 baseline PM2.5 concentrations to the 2008 baseline (Figure 32a)
shows an increase in concentrations for most of South East Asia (excluding a few of the
south east Indonesian islands), India and the ocean between these two regions. As
Indian PM2.5 precursor emissions increase substantially, these are expected to impact
neighbouring countries in South East Asia such as Burma and Thailand. In response to
the 20% decrease in emissions from South East Asia (Figure 32b), PM2.5 concentrations
in most of South East Asia decrease by up to 2 µg/m3. The effects of this emission
decrease is confined to the region itself and doesn’t impact neighbouring countries such
as Australia and China.

Recent modelling studies evaluating the anticipated impact of future fuel consumption
on air quality in South East Asia show that changing the profile of fuel consumption
(e.g., shifting from coal to natural gas or renewable energy) will have a noticeable
impact on air pollution in major cities in the region (Frankenburg et al., 2005, Lee et al.,
2019). The importance of monitoring and controlling shipping emissions has also been
highlighted, as these emissions can account for a large proportion of air pollution in
some South East Asian countries, especially for the smaller nations in the region such as
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Singapore whose domestic anthropogenic emissions are estimated to be dominated by
local shipping emissions (Yin et al., 2019, Reddington et al., 2019).

The largest foreign source of air pollutants in South East Asia comes from India as
South East Asia is directly downwind from India. It has been shown in previous
research that a reduction in Indian anthropogenic emissions will result in a decrease in
the amount of O3 and PM2.5 related premature deaths (Liang et al., 2018). As emissions
increase in India, corresponding secondary pollutants such as O3 and PM2.5 will increase
in South East Asia, as seen in Figures 31a and 32a.
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3.4 Air pollution distributions in Sub-Saharan Africa and their
response to an anthropogenic emissions reduction
3.4.1 2008 scenario
The Industrial Highveld (IHV) region is also home to an abundance of coal and other
mineral resources making it an industrial powerhouse of South. Africa. The IHV is a
major power generating region with 11 large coal-generating power plants. The
emissions from these plants are important contributors to the country’s domestic
anthropogenic emissions as the region has the largest concentration of industrial
infrastructure in Sub-Saharan Africa (Botes et al., 2018, (Utembe et al., 2015). The IHV
region is estimated to produce around 94% of South Africa’s platinum with one of the
largest platinum reserves in the world. Large cities such as Johannesburg and Pretoria
city are also located in the IHV region.

a)

b)

Figure 33 – a) Map of Sub-Saharan Africa with countries labelled (some of the northern countries
labelled are not included in the HTAP2 definition of Sub-Saharan Africa) (Hillbom and Green, 2019)
b) HTAP2 defined SSA region, shown in green (Galmarini et al., 2017).
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When Sub-Saharan African anthropogenic emissions are perturbed by 20% in 2008, the
concentration of air pollutant species of interest (PM2.5, O3, NO2, SO2 and PAN) are
reduced most significantly in the highly industrialised and densely populated region in
South Africa, as shown below in Figures 34 - 38.
a)

b)

ppb

ppb

Figure 34 - (a) Sub-Saharan Africa NO2 in ppb in the 2008 BASE simulation and (b) the difference in
NO2 in ppb in the 20% Sub-Saharan Africa emission perturbation scenario relative to the 2008 BASE
simulation

b)

a)

2030
ppb

ppb

Figure 35 - (a) Sub-Saharan Africa SO2 in ppb in the 2008 BASE simulation and (b) the difference in
SO2 in ppb in the 20% Sub-Saharan Africa emission perturbation scenario relative to the 2008 BASE
simulation
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a)

b)

Figure 36 - (a) Sub-Saharan Africa PAN in ppt in the 2008 BASE simulation and (b) the difference in
PAN in ppt in the 20% Sub-Saharan Africa emission perturbation scenario relative to the 2008 BASE
simulation

b)

a)

ppb

ppb

Figure 37 - (a) Sub-Saharan Africa O3 in ppb in the 2008 BASE simulation and (b) the difference in O3 in
ppb in the 20% Sub-Saharan Africa emission perturbation scenario relative to the 2008 BASE simulation
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b)

a)

µg/m3

µg/m3

Figure 38 - (a) Sub-Saharan Africa PM2.5 in µg/m3 in the 2008 BASE simulation and (b) the difference in
PM2.5 in µg/m3 in the 20% Sub-Saharan Africa emission perturbation scenario relative to the 2008 BASE
simulation

The 2008 annual average base plots for NO2 and SO2 (Figures 34a and 35a) show with
maximum concentrations appearing directly around metropolitan and mining areas due
to the relatively short chemical lifetime. Maximum concentrations of 5 ppb can be seen
directly around the IHV region in South Africa for both NO2 and SO2 and around
northern Sub-Saharan Africa for NO2. The northern Sub-Saharan Africa maximum can
be attributed to natural, opposed to anthropogenic, sources. It is likely due to a
combination of sources such as biomass burning, soil and lightning emissions.

Annual average PAN concentrations reach a maximum of 300 ppt across Northern SubSaharan Africa, with concentrations between 100 and 250 ppt in the rest of Sub-Saharan
Africa (Figure 36a). This follows a similar pattern to the NO2 concentration plot (Figure
34a), highlighting the role NO2 plays in the formation of PAN. Once anthropogenic
emissions are perturbed, decreases of between 10 and 15 ppt can be seen throughout
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Sub-Saharan Africa with peaks in South Africa and to the east of the Central African
Republic (Figure 36b).

2008 annual O3 concentrations in Sub-Saharan Africa peak at around 60 ppb in the
Central African Republic and South Sudan as well as the area around Ghana, Togo and
Benin (Figure 37a). This follows a similar pattern to the NO2 and PAN concentration
plots (Figures 34a and 36a), highlighting the role of these precursors in the formation of
O3. When anthropogenic emissions are perturbed by 20% (Figure 37b), O3
concentrations are reduced by around 0.25-1.0 ppb in nearly all of Sub-Saharan Africa
with parts of Ethiopia, Nigeria, Uganda, Rwanda, South Africa and Tanzania showing
the greatest decreases. While there was a high annual concentration of O3 in the
northern part of Sub-Saharan Africa, this did not exhibit a greater decrease than other
parts of Sub-Saharan Africa. This can be attributed to the role of natural sources,
including biomass burning in the regional O3 concentration and that O3 concentrations
are VOC-limited due to high NOx concentrations.

In one grid cell in South Africa, located over the IHV, O3 concentrations increased by
around 1.5 ppb in response to the 20% reduction in precursor emissions. In this case, the
reduction in O3 removal (from titration) actually outweighs the decrease in O3
production because NOx is so elevated in this region (Figure 37b), causing an overall
increase in O3. This behaviour is only seen over large industrial centres where NOx
emissions are extremely large and quickly disappears with distance from the industrial
centre (e.g., elsewhere, South Africa exhibits an O3 decrease when anthropogenic
emissions are perturbed) (Sillman, 1999, Yang et al., 2019).
Figure 38a shows annual PM2.5 concentrations reach a maximum of 50 µg/m3 over
northern Sub-Saharan Africa due to dust from the Sahara Desert and a maximum of 1084

20 µg/m3 in parts of South Africa. Elsewhere, PM2.5 concentrations are negligible, at
most around 1 – 2 µg/m3. Once anthropogenic emissions are perturbed for the region
(Figure 38b), decreases in PM2.5 concentrations of 1.5 µg/m3 can be seen in South
Africa (primarily around the IHV region) and Nigeria. Beyond these areas, a general
decrease of 0.1-0.5 µg/m3 can be seen for most of Sub-Saharan Africa.
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3.4.2 2030 Scenario
Figures 39 – 41 show the changes of key pollutant concentrations in 2030 scenario in
relation to the 2008 scenario for Sub-Saharan Africa below.
b)

a)

Figure 39 – a) Sub-Saharan Africa NO2 in ppb in the 2030 BASE Scenario relative to the 2008 BASE
Scenario (2030 BASE – 2008 BASE) and (b) Sub-Saharan Africa SO2 in ppb in the 2030 BASE Scenario
relative to the 2008 BASE Scenario (2030 BASE – 2008 BASE)

a)

Figure 40 - a) O3 in ppb in 2030 Sub-Saharan Africa difference plot (2030 BASE – 2008 BASE)

b)

b) O3 in ppb in 2030 Sub-Saharan Africa emission perturbation difference plot (2030 SSA – 2030 BASE)
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a)

b)

Figure 41 - a) PM2.5 in µg/m3 in 2030 Sub-Saharan Africa difference plot (2030 BASE – 2008 BASE)

b) PM2.5 in µg/m3 in 2030 Sub-Saharan Africa emission perturbation difference plot (2030 SSA – 2030
BASE)

Sub-Saharan Africa generally shows an increase in the concentrations of the species of
interest from 2008 to 2030. The 2008-2030 NO2 and SO2 changes (Figure 39a – 39b)
are similar to each other as they show mainly increases of up to 2 ppb in parts of
Nigeria, South Africa and the Republic of Congo. Decreases of up to 2 ppb are seen in a
grid box in South Africa for both species and of around 1 ppb in a grid box in Namibia
for SO2 only. The decrease in South Africa can be most likely attributed to the
difference in the location of some emission sources between the two emissions
inventories, the HTAP and the RCP4.5 inventories. As these inventories were not
constructed by the same groups, there is some uncertainty in the location of some
pollutant sources and has resulted in what appears to be differences in the way the data
is gridded. This can be seen as the location of maximum emissions is different in the
2008 (HTAP) emissions compared to the 2030 (RCP4.5) emissions.

The simulations project (Figure 40a) O3 increases of up to 4 ppb from 2008 to 2030 in
nearly all parts of the region. A decrease of up to 2 ppb is seen in the 20% Sub-Saharan
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emission perturbation throughout the region. This suggests local anthropogenic
emissions effect O3 concentrations similarly across most of the continent, with natural
sources of O3 playing a smaller role in some countries than they did in 2008 (as the
decrease in O3 concentrations in response to the anthropogenic emissions perturbation
was not as uniform in 2008 as in 2030, as seen in Figure 40b). There is no decrease in
O3 around the IHV region (as was seen in the 2008 perturbation, Figure 37b), implying
the reduction in O3 removal from titration no longer outweighs the decrease in O3
production.

Figure 41a shows similarly widespread increases in PM2.5 from 2008 to 2030, peaking
at 10 µg/m3 in parts of northern and central Sub-Saharan Africa. This increase in PM2.5
concentrations is due to an increase in anthropogenic emissions (as seen in Figure 39b
above). Once anthropogenic emissions are perturbed for the region for 2030 (Figure
41b), there is a general decrease in PM2.5 concentrations throughout the region, with
decreases of up to 4 µg/m3 seen in the corresponding hotspots from Figure 41a. These
results imply that as local emissions increase in the coming years in Sub-Saharan
Africa, local sources will have a greater impact on air pollutant concentrations. The
extent of these impacts and the relationship to foreign sources is explored in the
following sections.
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3.5 Influence of intercontinental transport on Southern Hemisphere air
pollutants
This section explores the relative importance of local versus foreign anthropogenic
emissions for air pollution across the Southern Hemisphere. As described in the
methods (Section 2.4), the RERER metric is a number used to determine the relative
influence of local and foreign anthropogenic emission sources on a region’s air
pollutants. The term local is used within this section to define something within a given
region whereas the term foreign is used to define something outside of a given region.

As described previously, a lower RERER value means a given air pollutant in the region
is more strongly influenced by local anthropogenic emissions than foreign
anthropogenic emissions. Note that natural contributions are not considered at all so
these are not taken into account. As the number is usually between 0 and 1 the metric is
often described as a percentage. For example, a PM2.5 RERER value of 0.20 means that
20% of the anthropogenic PM2.5 can be attributed to foreign anthropogenic sources and
80% can be attributed to local anthropogenic sources. In the Figures below, areas that
are purple are more influenced by local sources whereas areas that are green are more
influenced by foreign sources. While this metric does provide a comparable number to
assess the impact foreign sources have on a region, it does not indicate the amount of a
particular pollutant. For example, while the RERER value for anthropogenic PM2.5 is
0.20 in Australia (more reliant on local sources) and 0.61 in South East Asia (more
reliant on foreign sources), it does not mean that Australia has greater concentrations of
locally produced anthropogenic PM2.5 compared to South East Asia (in fact, the
opposite is true); it is simply a ratio that shows the relative impact of sources on a
region. Sometimes the RERER value can exceed 1 if emission reductions correspond to
increasing concentrations, most commonly seen with ozone as it is titrated by strong NO
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emissions (Galmarini et al., 2017). This however is only ever seen in highly
industrialised areas like the IHV in South Africa; away from these areas the RERER
value will fall below 1. As all of the ozone RERER values in this work are calculated
over large areas, none of them ever exceed 1.

Table 5 shows average RERER values for anthropogenic O3 and PM2.5 in 2008 and
2030 for all Southern Hemisphere regions. O3 and PM2.5 were chosen as the species to
calculate the RERER values for in Table 5 as they are common indicators of air quality
and have a relatively long chemical lifetime compared to their precursors such as NO2
and SO2. The values in Table 4 and intra-regional variations in the RERER values are
discussed in the following sections for each region of interest: Australia (Figures 4245), South America (Figures 46-49) South East Asia (Figures 50-53) and Sub-Saharan
Africa (Figures 54-57).
Table 5 – Anthropogenic RERER values for HTAP2 regions (Australia, South
America, South East Asia and Sub-Saharan Africa) for O3 and PM2.5 in 2008, 2030 and
the difference between them (2030 - 2008). A positive difference indicates a move
towards more foreign influence and a negative difference indicates a move towards
more local influence.
O3 2008

O3 2030

Difference PM2.5 2008

PM2.5 2030

Difference

0.53

0.73

+0.20

0.20

0.31

+0.11

SAM 0.26

0.34

+0.08

0.18

0.16

-0.02

SEA

0.57

0.54

-0.03

0.61

0.41

-0.20

SSA

0.48

0.45

-0.03

0.31

0.21

-0.10

AUS

Where possible, the 2008 RERER values are contextualised in the discussion by
comparison to values calculated for Northern Hemisphere regions included in the
original HTAP2 studies. To the best of my knowledge, there have been no papers
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published using the HTAP2 protocol to assess the impact of future intercontinental air
pollution transport. As such, there are no published values to compare to the 2030
RERER values calculated here. Nonetheless, papers have been published evaluating the
effects of future intercontinental air pollution transport (primarily for China and its
effect on North America), and these are discussed briefly below.

3.5.1 Foreign and local contributions to Australian air pollution
According to the RERER values calculated for Australia, in 2008 the sources of
anthropogenic O3 were primarily local in Eastern Australia and foreign on the west coast
of Australia, with an average RERER value for the region of 0.53, meaning 53% of
sources contributing to the regional anthropogenic O3 were foreign (Figure 42, Table 5).
The model reveals that the foreign sources contributing to Australian O3 are primarily
from Africa and South America, as Australia is downwind of these continents, and
South East Asia (though to a lesser extent as meridional transport is much less
common).
Long-range pollutant transport pathway research in the Southern Hemisphere has
mainly focused on the transport of biomass burning emissions as it is a major source of
air pollution for many regions and Africa has the highest amount of biomass burning in
the world (compared to other continents) (Barkley et al., 2019). It has been shown that
biomass burning emissions from Africa and South America resulted in increased CO
concentrations in Australia (Sinha et al., 2004).

For anthropogenic emissions, West et al. (2009) evaluated the effects on ozone by
reducing regional anthropogenic NOx levels. It has been found that from this research
that a 10% decrease in regional anthropogenic NOx in South America leads to an ozone
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decrease in southern parts of Sub-Saharan Africa, Australia and New Zealand. A
decrease in regional anthropogenic NOx in Africa (both Northern Africa and SubSaharan Africa) leads to an ozone decrease in parts of North America, Europe, Asia,
South America and Australia due to the central positioning of Africa (located in both
North and Southern Hemisphere). When this same decrease is applied to Australian
anthropogenic NOx emissions, New Zealand and southern South America exhibit a
decrease in ozone concentrations. As the Southern Hemisphere has lower emissions of
anthropogenic NOx compared to the Northern Hemisphere there is a generally a greater
ozone sensitivity to changes in NOx concentrations. This can be seen for Australia,
where West et al. (2009) show a significant change in ozone burden per unit change of
NOx emissions. If South America and Sub-Saharan Africa were to reduce their NOx
emissions, the anthropogenic O3 sources in Western Australia would likely shift from
being primarily foreign (Figure 42) to primarily local.

Figure 42 – 2008 Australian O3 RERER values

Further research has also looked at the effect reducing regional anthropogenic NOx has
on ozone concentrations and human mortality. It has found that reducing anthropogenic
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NOx emissions in Australia result in not only a reduction in the number of avoided
premature mortalities within Australia but also a greater number of avoided premature
mortalities outside of the region. The higher number of premature mortalities outside of
Australia are shown to occur mainly in South East Asia, New Zealand, South America
and southern Sub-Saharan Africa. While Australia is the region undergoing the
reduction in anthropogenic NOx emissions, it has a relatively small population so there
are fewer people within the region exposed to the reduced emissions compared to the
other regions in the Southern Hemisphere (West et al., 2009), once again highlighting
the effect regional emissions can have on other regions in the Southern Hemisphere. If
Australia were to reduce its regional NOx , this could lead to lower O3 levels and a
reduction of premature mortalities both inside and outside the region. This reduction
would make the Australian O3 RERER value increase, as foreign anthropogenic sources
would play a greater role in contributing to Australian O3 concentrations. The eastern
Australia anthropogenic O3 sources would likely shift from being primarily local to
primarily foreign (Figure 42).

As eastern Australia is home to Australia’s most populous cities and associated higher
levels of anthropogenic emissions, here the local sources of O3 outweigh the foreign
sources. The west coast of Australia has a comparatively lower population, lower
anthropogenic emissions and is closer to Africa (and is therefore closer to the foreign
sources). Figure 42 shows that the ratio of foreign to local sources is highest on the west
coast of Australia and slowly begins to decrease moving towards the east coast,
becoming more locally dependent from west to east. Northern Australia also shows a
higher ratio of foreign to local sources.
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In 2030, the average Australian O3 RERER value increased to 0.73, meaning 73% of
sources contributing to the regional O3 are foreign. This is a dramatic shift, the largest
of all of the 2008-2030 RERER differences shown in Table 5. Figure 43a shows that by
2030, all of Australian O3 can be attributed to more foreign than local sources. This is
most likely driven by increasing anthropogenic emissions in Africa driven by a booming
population, economic growth and burgeoning middle class (Tschirley et al., 2015),
coupled with decreasing Australian emissions (Section 3.1.2).

Figure 43b shows the difference between the 2030 and 2008 RERER values. The Figure
shows that the relative ratio of foreign sources increases throughout Australia, with the
largest increases happening in northern and eastern Australia and the lowest in southwestern Australia. The large increase in foreign sources can be attributed to both eastern
Australian emissions decreasing and emissions from foreign sources increasing as
discussed in Sections 3.1.2 and 3.4.2.

b)

a)

Figure 43 – a) 2030 Australian O3 RERER values
b) Australian O3 RERER difference plot (2030 RERER values – 2008 RERER values)
Blue grid boxes indicate a decrease in RERER from 2008 to 2030, red indicates an increase.
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The relative local versus foreign influences for Australian PM2.5 differ from those for
Australian O3. The 2008 PM2.5 RERER values (Figure 44) show local sources play a
greater role than foreign sources in determining PM2.5 concentrations across all of
Australia. The more locally influenced PM2.5 RERER values can be seen in Figure 44
around metropolitan and mining areas (Sydney area, Kalgoorlie mine and the Northern
Territory/Queensland border mine).

Figure 44 – 2008 Australian PM2.5 RERER values

The Australian PM2.5 RERER value for 2030 is 0.31, a 0.11 increase from the 2008
value (Table 5). This change is reflected in Figure 45a, which shows that although the
PM2.5 RERER values for all the Australian grid boxes stay purple (<0.5, meaning they
still have a higher proportion of local compared to foreign sources) they are higher than
the 2008 values. The biggest difference can be seen in southern Western Australia were
the Kalgoorlie mine is located. Since RCP4.5 emissions used in the simulation predict
the mine will be closed by 2030, the resultant RERER values show the increasing
influence from foreign sources in this region. However, as discussed above in Section
3.1.2, the Kalgoorlie mine is expected to still be operational in 2030. If so, the 2030
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southwest Australia PM2.5 RERER values will be much lower that shown here, as the
mine is a major source of local emissions to the region (WA Department of
Environmental Protection, 1999).

a)

b)

Figure 45 – a) 2030 Australian PM2.5 RERER values
b) Australian PM2.5 RERER difference plot (2030 RERER values – 2008 RERER values)
Blue grid boxes indicate a decrease in RERER from 2008 to 2030, red indicates an increase.

The influence Africa has and will continue to have on Australia is in some ways similar
to the influence of China on the west coast of North America, particularly for the state
of California. China is currently one of the largest emitters of anthropogenic pollution in
the world, and pollutants from China are transported to the west coast of North America
by prevailing westerly winds over the Pacific Ocean. The influence of this transported
air pollution has led to the realisation that even if local anthropogenic emissions are
carefully controlled, foreign emissions sources can still cause local air quality indicators
to be above legal limits. A similar relationship is likely between Africa and the west
coast of Australia. This Northern Hemisphere situation shows a possible similar impact
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that Africa could have on Western Australian air quality in future years as, given the
similar geographic context (with both Africa and China are upwind of western Australia
and western North America, respectively).

Both past research (West et al., 2009, West et al., 2013) and the new results presented
here show foreign sources, primarily from Africa and South America impact Australian
pollution concentrations. In order for Australia to minimise pollution burdens, the
country must not only focus on reducing local anthropogenic emissions but also work
with other regions in the Southern Hemisphere to ensure foreign emissions are reduced.

3.5.2 Foreign and local contributions to South American air pollution
In 2008 the sources of South American O3 were primarily local, with an average
RERER value for the region of 0.26 (Figure 46, Table 5). Figure 46 shows that the ratio
of foreign to local sources is highest in the northern parts of South America and quickly
decreases once away from the border region, becoming more locally dependant.
Because HTAP2 draws an artificial boundary to separate the Central and South
American regions (Figure 24b, the HTAP2 Figure in SAM 2008 section), in reality
there will be some emission “spill over” from the adjacent countries. The southern part
of South America also shows a higher ratio of foreign to local sources. This is because
of the influence of foreign sources from intercontinental air pollution transport from
Australia and Africa.
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Figure 46 – 2008 South American O3 RERER values

In 2030, the average South American O3 RERER value increased to 0.34, with 34% of
sources contributing to the regional O3 being foreign (up from 26% in 2008). This is a
relatively small shift compared to the Australian values (Table 5). Figure 47b shows that
across all of the South American region, O3 in 2030 became more dependent on foreign
sources than in 2008 (consistent increase in RERER).
b)

a)

Figure 47 – a) 2030 South American O3 RERER values
b) South American O3 RERER difference plot (2030 RERER values – 2008 RERER values)
Blue grid boxes indicate a decrease in RERER from 2008 to 2030, red indicates an increase.
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Relative to O3, 2008 South American PM2.5 concentrations are more dependent on local
sources as indicated by the RERER values in Table 5. The 2008 PM2.5 RERER values
(Figure 48) show local sources play a greater role than foreign sources in South
American PM2.5 across the entire South American region. The dependency on local
sources is also reflected by the average 2008 PM2.5 RERER value of 0.18. The more
locally influenced RERER values can be seen throughout the South American region,
with only the northern border of the region showing a majority foreign influence. There
is little change between the 2030 and 2008 RERER values for PM2.5 in this region,
which is reflected by both the small change in the average anthropogenic RERER
values (from 0.18 in 2008 to 0.16 in 2030) and the difference plot below (Figure 49).

Figure 48 – 2008 South American PM2.5 RERER values
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Figure 49 – South American PM2.5 RERER difference plot

This lack of a significant change can be attributed to limited foreign influence in South
America as its nearest upwind neighbours are Australia and New Zealand, both of
which are relatively small emission emitters and far away from South America (as the
Pacific Ocean separates them). This is in contrast to the situation seen above with
Australia.

South America is the only region (out of the four studied) that saw opposite trends for
the RERER values for O3 and PM2.5 (O3 RERER increased from 2008 to 2030 while
PM2.5 RERER decreased from 2008 to 2030). This difference in shift direction can be
attributed to the relatively large decrease in SO2 emissions seen around the Chilean and
Peruvian coast, coupled with the relatively small increase in NO2 concentrations
throughout most of South America (excluding the São Paulo area).

Even though Australia does not play a large role as a contributing source of O3 or PM2.5
in South America, previous work has shown that decreases in Australian emissions can
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still reduce air pollution mortality in South America (West et al., 2013). In fact, the
mortality outcomes associated with reduced Australian emissions are greater in South
America than in Australia. This is because the lower population and lower overall
concentrations in Australia relative to South America means a reduction in South
America caused by Australian emissions, even if small, has a bigger impact in South
America (Silva et al., 2013).

3.5.3 Foreign and local contributions to South East Asian air pollution

In 2008, South East Asia had an average O3 RERER value of 0.57, meaning 57% of
sources contributing to the regional anthropogenic O3 were foreign (Figure 50, Table 5).
The foreign sources contributing to South East Asia O3 are primarily from India, as
India is directly upwind, and China, though to a lesser extent as meridional transport is
much less common. Figure 50 shows that the ratio of foreign to local sources is lowest
in parts of Indonesia, Malaysia, Vietnam and Thailand and highest in Indonesia and
Papua New Guinea. This is due to the differences in domestic emissions between the
countries; for example, Papua New Guinea has relatively lower domestic anthropogenic
emissions compared to Vietnam or Thailand (Figure 50). All of the countries in South
East Asia are directly downwind of India, so they all receive “foreign” (e.g., extraregional) air pollution from India.

101

Figure 50 – 2008 South East Asia O3 RERER values

It has been shown in previous research that reducing anthropogenic emissions in India
will result in a decrease in anthropogenic pollutants in South East Asia and a decrease in
premature deaths due to poor air quality (Liang et al., 2018). The effect of India as a
foreign source on South East Asian pollutants can be seen in Figure 50, as the majority
of the foreign sources highlighted by the green grid boxes would have originated in
India (as it is directly up wind of South East Asia). This is illustrated in Figure 51,
which shows NO2 emissions mapped in 2018 from the Copernicus Sentinel-5P satellite.

Figure 51 – 2018 NO2 emission map from Copernicus Sentinel-5P satellite data (ESA, 2018)
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In 2030, the average anthropogenic O3 RERER value for South East Asia decreased to
0.54, meaning 54% of sources contributing to the regional O3 were outside the South
East Asia region. Figure 52 shows a small decrease in RERER values everywhere in
South East Asia except for parts of Papua New Guinea and east Indonesia.

Figure 52 – South East Asia O3 RERER difference plot

The PM2.5 RERER values similarly show that PM2.5 concentrations vary by
country/region as to whether they are more dependent on local sources compared to
foreign sources. The 2008 PM2.5 anthropogenic RERER values (Figure 53) show local
sources play a greater role in countries such as Indonesia and Malaysia, whereas foreign
sources are more dominant in Vietnam, Thailand and Cambodia. The dependency on
foreign sources is also reflected by the average 2008 PM2.5 anthropogenic RERER value
of 0.61, with 61% of South East Asian PM2.5 concentrations coming from foreign
sources, opposed to 39% from local sources. South East Asia is the only region (in this
study) where the PM2.5 is more influenced by foreign than local sources. This is due to
the massive influence of Indian emissions as mentioned above and not an indication on
the local PM2.5 concentrations, which are also significant in this region (Section 3.3.2).
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Figure 53 - South East Asia PM2.5 RERER values

From 2008 to 2030, the average South East Asian PM2.5 RERER value shows a
dramatic decrease from 0.61 to 0.41 (0.20 decrease), showcasing once again the shifting
local anthropogenic emissions profile, increasing particularly in northern South East
Asia in countries such as Thailand, Vietnam, Cambodia and Laos (as seen in Figures
54a and 54b).
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b)

a)

Figure 54 -a) South East Asia 2030 PM2.5 RERER values
b) South East Asia PM2.5 RERER values difference plot

Cambodia, Laos and Thailand PM2.5 concentrations go from being dominated by
foreign sources in 2008 to being dominated by local sources in 2008. This suggests that
there is such significant growth in these parts of South East Asia that these local
emissions will overwhelm those very high Indian emission. Figures in Section 3.3.2
highlighted that Indian emissions increase from 2008 to 2030, making the level of
growth Cambodia, Laos and Thailand even more significant.
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3.5.4 Foreign and local contributions to Sub Saharan Africa air pollution
In 2008, anthropogenic local and foreign sources of Sub-Saharan African O3 were
nearly equal, with an average RERER value for the region of 0.48, meaning 48% of
sources contributing to the regional O3 were foreign (Figure 55, Table 5). Figure 54
shows that the ratio of foreign to local sources is highest in the northern parts of SSA
and decreases away from the border region, becoming more locally dependent. While
the average anthropogenic RERER value shows a nearly even split between the
influence of foreign and local sources, Figure 55 shows there are more locally
influenced grid boxes (purple grid boxes) compared to foreign-influenced grid boxes
(green grid boxes, implying that there are more areas dominated by local emissions but
to a smaller degree while the areas dominated by foreign emissions are more strongly
weighted to the foreign emissions. Along the northern border of the Sub-Saharan
African region, the enhanced foreign influence is not likely indicative of
intercontinental transport as the boundary between Northern and Sub-Saharan Africa is
an artificial boundary defined by HTAP2, and proximate sources are most likely
responsible for the foreign emissions influence seen near the border.

Figure 55 - 2008 Sub-Saharan Africa O3 RERER values
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From 2008 to 2030, the average O3 RERER values for Sub-Saharan Africa decreased
slightly to 0.45, with 45% of sources contributing to the regional O3 being foreign.
Figure 56 shows that the majority of Sub-Saharan African O3 in 2030 experiences a
decrease in the relative ratio between foreign and local sources, while the average
RERER value doesn’t exhibit a dramatic change (a 0.03 shift). Many countries
throughout the region become slightly more locally dependent (such as Angola,
Democratic Republic of Congo, and Nigeria), while the IHV region and parts of
northwest Sub-Saharan Africa become more dependent on foreign sources. Countries
shifting towards being more locally dependant are likely to have increased their local
anthropogenic emissions by 2030. The shift to more foreign sources in northwest SubSaharan Africa could be attributed to countries in northern Africa also increasing their
local anthropogenic emissions, so there is a larger “spill over” effect over the artificial
HTAP2 boundary.

Figure 56 - 2030 Sub-Saharan Africa O3 RERER values
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The situation differs for PM2.5, which is relatively more dependent on local
anthropogenic sources compared to O3. The 2008 PM2.5 RERER values (Figure 57)
show local sources play a greater role than foreign sources in PM2.5 concentrations
across nearly all of Sub-Saharan Africa. The dependency on local sources is also
reflected by the average 2008 PM2.5 RERER value of 0.31, with 31% of Sub- Sahara
African PM2.5 coming from foreign sources. The more locally influenced RERER values
can be seen throughout Sub-Saharan Africa with only the northern border region and the
Horn of Africa (Somalia, Djibouti, eastern Ethiopia, and eastern Kenya) showing a
majority foreign influence. This area with a larger influence from foreign sources is
likely influenced by neighbouring northern African countries that are classed as foreign
by the HTAP2 region definition. There is a large belt of PM2.5 concentrations stretching
along the top of Sub-Saharan Africa and the bottom of northern Africa PM2.5 from the
bottom of northern Africa is likely travelling downwind to influence the northern border
region of Sub-Saharan Africa and the Horn of Africa.

Figure 57 - 2008 Sub-Saharan Africa PM2.5 RERER values
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From 2008 to 2030, the average Sub-Saharan African PM2.5 RERER value declines to
0.21, a 0.10 decrease, due to a rise in African anthropogenic emissions. As mentioned in
Section 3.5.1, the Australia RERER section, in coming decades Africa will experience a
rise in population, economic growth and for some countries a shift in class dynamics
(Anoba, 2019). This increase in population and drive for economic growth and goods
will see the emissions profile of countries in Sub-Saharan Africa change (Figure 58).
The decrease from 2008 to 2030 in the PM2.5 RERER value was larger than for O3 (10%
compared to 3%) because the increase in SO2 emissions (a large contributor to PM2.5
concentrations) was larger than the increase to NOx emissions.

Figure 58 - 2030 Sub-Saharan Africa PM2.5 RERER values
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3.5.5 Northern hemisphere RERER values
Jonson et al. (2018) found an average RERER metric of 0.89 for O3 in the HTAP2
region of Europe for 2010. This final result was the multi-model mean produced of 8
separate models. This is a much higher value compared to the O3 RERER values
calculated for the southern hemisphere regions. The high RERER value was attributed
to non-linear chemistry that results in some of the calculated RERER values being
higher than 1 (mentioned above in Section 2.4). As well as the proportionate influence
of shipping on the European region and a comparative lack of UV radiation. It could
also be attributed slightly to different emission inventory years (the southern
hemisphere RERER values were produced from 2008 emissions).

3.5.6 Limitations of the RERER metric
RERER values can differ dramatically depending on the model used to run the
simulations. Jonson et al. (2018) evaluated the effects of intercontinental emission
sources on European pollution levels using eight different models to calculate O3 and
CO RERER values. Using the same anthropogenic emissions for each model, they
found a range of 0.63 to 1.12 (model mean = 0.89) for the annual average O3 RERER
value and 0.41 to 0.64 (model mean = 0.51) for the annual average CO RERER value.
The differences between models were attributed to the use of slightly different
emissions by different modelling groups.

At this point in time, no other models have run the HTAP2 experiments for the regions
evaluated here, and therefore without multi-model simulations the uncertainty on these
estimates is quite high. Future work should focus on model intercomparisons focused
specifically on the southern hemisphere regions.
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As the RERER metric has been used in this thesis to calculate the effect of local and
foreign anthropogenic sources, it does not take into account natural sources. Future
work could incorporate the impact of natural sources into the metric to see how the ratio
of local to foreign sources differs. Events such as biomass burning could have a large
effect on the RERER values for the Southern Hemisphere regions.
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3.6 Can shifting the renewable energy profile of Africa impact
intercontinental air pollution transport?
As shown in the previous sections, in the future for Australia, local emission declines
are likely to be offset by growing foreign emissions (from Africa and South America)
highlighting the importance of a global strategy and international cooperation towards
the management of air quality. In order to understand the impact a reduction in a foreign
source of anthropogenic emissions will have on Australian air quality, scenarios looking
at likely emissions decreases (e.g. shifting from wood/coal household fuel to gas or
using more renewable resources in energy production) must be analysed to understand
the impact this change will have on local and foreign air quality. One of the proposed
solutions is a change in the energy emission profile of Africa, shifting from nonrenewable to renewable resources. A scenario based on this solution is explored below.

As described in section 2.3, this scenario (known here as the Lacey scenario) assumes
reduced emissions from the energy production sector by 2030 for eight Sub-Saharan
African countries (Angola, Egypt, Ethiopia, Kenya, South Africa, Tanzania, Zambia,
and Zimbabwe) that were identified as having sufficient renewable energy resources to
shift their energy profile in this direction (Lacey et al., 2017). The results of this
scenario are seen below in Figures 59-61.
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a)

b)

Figure 59 - a) NO2 in ppb in 2030 Lacey baseline scenario – 2030 RCP4.5 baseline scenario, b) SO2
in ppb in 2030 Lacey baseline scenario – 2030 RCP4.5 baseline scenario

Figure 60 - PAN in ppt in 2030 Lacey baseline scenario – 2030 RCP4.5 baseline scenario
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a)

b)

ppb

µg/m3

Figure 61 - a) O3 in ppb in 2030 Lacey baseline scenario – 2030 RCP4.5 baseline scenario, b) PM2.5 in
µg/m3 in 2030 Lacey baseline scenario – 2030 RCP4.5 baseline scenario

Figures 59a and 59b compares the Lacey 2030 scenario to the RCP4.5 scenario
discussed previously. The Figures show there are small decreases of up to 1 ppb of NO2
and 1 ppb SO2 in the countries that shift their anthropogenic energy emissions profiles
to rely more on renewable resources. The differences from the 2030 RCP4.5 baseline
scenario can be seen more clearly in Figure 59a due to the different total amounts of
NO2 compared to SO2. The decreases in NO2 and SO2 are largely confined to the
countries whose emissions are reduced in the scenario. The largest decreases are seen in
parts South Africa, around the mining and capital city region.

PAN (Figure 60) shows a similar decrease to NO2, with decreases of up to 50 ppt in the
countries most affected by the scenario. There is a somewhat more widespread impact
on PAN concentrations than on NO2 concentrations, due to its longer atmospheric
lifetime.
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Figure 61a shows that there is a decrease in O3 concentrations throughout Sub-Saharan
Africa and the surrounding ocean. The largest decreases (up to 3 ppb) are seen in the
grid boxes where anthropogenic emissions were reduced. The change in O3
concentrations is more widespread than for PAN and NO2 because of the longer
chemical lifetime of O3.

Figure 61b shows the largest decrease in PM2.5 concentrations is found in parts of South
Africa, with the rest of Sub-Saharan Africa exhibiting a smaller PM2.5 decrease of 1
µg/m3 or less. The spatial pattern of the decrease is similar to that of SO2 (Figure 59b),
which also only exhibited a large decrease in concentrations in parts of South Africa.
This highlights the relationship between SO2 and PM2.5, as SO2 is an important
precursor to PM2.5.

In the Sub-Saharan Africa sensitivity scenarios discussed earlier (2008 and 2030
RCP4.5, Section 3.4.1-3.4.2), a 20% reduction in anthropogenic emissions resulted in a
NO2 concentration decrease which then resulted in an increase in O3 concentrations over
the IHV region. This effect is not seen here. While the Lacey scenario does reduce
anthropogenic electricity sector emissions around the IHV region, this reduction is not
large enough to cause an increase in local O3 concentrations. The impacts of the shift to
renewable energy on the balance of local versus foreign source influences are minimal.
There is a much smaller difference between RERER values (Table 6) when comparing
the 2030 RCP4.5 and Lacey scenarios than when comparing the 2008 and 2030 RCP4.5
scenarios. This is to be expected as the comparison between the 2008 and 2030 RCP4.5
values encompassed 22 years of changes in regional anthropogenic emissions in all
sectors, whereas the only difference between the Lacey and RCP4.5 scenarios is the
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decrease in anthropogenic emissions in the electricity sector for certain grid boxes in
select countries in Sub-Saharan Africa.

Table 6 – Anthropogenic RERER values for 2030 RCP4.5 scenario and 2030 Lacey scenario for ozone
and PM25. The higher the RERER, the higher the impact foreign anthropogenic sources have on the
chemical species.

O3 RCP4.5

O3 Lacey

Difference PM2.5

PM2.5

RCP4.5

Lacey

Difference

AUS 0.73

0.73

<0.01

0.31

0.29

-0.02

0.45

0.50

+0.05

0.21

0.22

+0.01

SSA
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The largest difference in Table 6 is seen between the Sub-Saharan Africa O3 scenarios.
Applying the Lacey scenario resulted in a 5% increase in the amount foreign sources
contribute to regional O3 concentrations (Figure 62a), leading to an equal 50:50 split
between local and foreign sources contributing to Sub-Saharan African O3
concentration. This higher contribution from foreign sources for O3 production is solely
due to the reduction in African anthropogenic emissions applied in the Lacey scenario.
This highlights the point that as regions make changes to decrease their local
anthropogenic emissions the impact that foreign sources will have on key air quality
pollutants increases, leaving regions dependent on the emission standards and
regulations of foreign regions.

Figure 62b shows a small increase in Sub-Saharan Africa O3 RERER values throughout
most of the region, excluding some of the north western countries. There is also a
decrease in anthropogenic RERER values for two grid boxes in South Africa. This is
expected as this is a major fossil fuel burning region and so the transition to renewable
energy would a really big impact on the region.
a)

b)

Figure 62 – a) 2030 Sub-Saharan Africa O3 RERER values in the Lacey Scenario
b) 2030 Sub-Saharan Africa O3 RERER values comparing the Lacey Scenario to the 2030 RCP4.5 scenario
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While the transition to renewable energy had enough of an impact to cause a change in
the O3 RERER value within Sub-Saharan Africa, there is a negligible difference in the
average Australian O3 RERER (less than 0.01 or 1%) between the two 2030 scenarios
(Table 6). Across Australia, the 2030 Lacey scenario RERER shows no difference from
the 2030 RCP4.5 scenario RERER (Figure 63b). Australian O3 concentrations have a
lower sensitivity to the change in anthropogenic emissions in the Lacey scenario than
the Sub-Saharan Africa O3 concentrations (as seen in Figure 63b). This lower sensitivity
can be attributed to the relatively modest changes made to the energy profile of SubSaharan Africa combined with the distance between Sub-Saharan Africa and Australia.

a)

b)

Figure 63 – a) 2030 Australian O3 RERER values in the Lacey Scenario
b) 2030 Australian O3 RERER values comparing the Lacey Scenario to the 2030 RCP4.5 scenario
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The PM2.5 RERER values (Table 6, Figure 64) show a slight increase (of 1%) in the
relative amount foreign sources contribute to Sub-Saharan African PM2.5
concentrations. As for O3, this is due to the higher reliance of PM2.5 production on
foreign sources because of lower local anthropogenic emissions.

Figure 64 – 2030 Sub-Saharan Africa PM2.5 RERER values in the Lacey Scenario

In response to the electricity emission reductions, Australia saw a 2% decrease in the
relative amount foreign sources contribute to regional PM2.5 concentrations (Figure
65a). The Lacey scenario had a greater impact (but still small) on the relative
importance of different sources of Australian PM2.5 than it did on the sources of SubSaharan Africa PM2.5. This is due to the greater sensitivity of Australia to a change in
PM2.5, as PM2.5 concentrations are so low in Australia that even a small change becomes
significant, whereas in Sub-Saharan Africa a small change in PM2.5 doesn’t affect the
overall PM2.5 burden much. However, as mentioned above in Section 3.1.2, the RCP4.5
emissions inventory assumes that by 2030 all mining activity at Kalgoorlie will have
ceased, although statements from the company that own the mine suggest otherwise.
This mine is a large source of local PM2.5 in Australia, particularly for Western
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Australia as the state doesn’t have the dense coastal population of eastern Australia.
Western Australia is also where the biggest differences from changing the Sub-Saharan
African emissions would be expected as it is closer to Sub-Saharan Africa (compared to
the rest of Australia). If Kalgoorlie mine emissions were included the 2030 scenarios,
the reductions in emissions due to the Lacey scenario would have less of an impact than
shown here.

Figure 65b shows Australian PM2.5 anthropogenic RERER values decrease throughout
most of Australia, with the decrease being slightly larger in Western Australia. As the
RERER decrease is more evident in Western Australia, this also suggests that including
the Kalgoorlie mine emissions would lower the impact the Lacey scenario has on the
PM2.5 Australian RERER value.

a)

b)

Figure 65 – a) 2030 Australian PM2.5 RERER values in the Lacey Scenario
b) 2030 Australian PM2.5 RERER values comparing the Lacey Scenario to the 2030 RCP4.5 scenario
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Applying the Lacey renewable energy scenario to the 2030 RCP4.5 emissions inventory
has shown that decreasing the anthropogenic emissions in parts of Africa in a single
emission sector can have a small impact on both the region where the decrease is
occurring as well as downwind regions. It also shows that as local anthropogenic
sources are reduced in a given region, foreign sources start to play a bigger role in that
region’s air quality, limiting the impact of local control on air quality. While the
changes due to the Lacey scenario where relatively small (especially when comparing
the results to those in the 2008 and 2030 RCP4.5 comparisons), they do show that small
changes to a region’s anthropogenic emission profile will have an effect both within and
beyond the region’s borders. This gives encouragement for other scenarios that impact
one or multiple anthropogenic emissions sectors and once again illustrates the
importance of global cooperation for addressing the challenges of air pollution.
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4. Conclusions
The impact of intercontinental air pollution transport in the Southern Hemisphere has
been the focus of little research compared to the Northern Hemisphere. Without
quantifying this transport, it is impossible to assess the long-range impacts of Southern
Hemisphere regional pollution sources, both now and in the future. In order to address
this lack of research in the Southern Hemisphere, this study used a global transport
model (GEOS-Chem) to quantify the impact of inter-continental air pollution transport
on regions in the Southern Hemisphere (Australia, South America, South East Asia and
Sub-Saharan Africa) for the present day (2008), 2030, and an alternate African
renewable energy emission scenario. A protocol established by the Hemispheric Task
Force on Air Pollution (HTAP2) was followed to calculate the Response to ExtraRegional Emissions Reduction (RERER) for two major pollutants of interest, O3 and
PM2.5, in each of these regions.

Results showed that in 2008, Australian anthropogenic O3 contributions were nearly
evenly split between local and foreign sources, with 53% of Australian O3 coming from
a foreign source. This was in contrast to Australian PM2.5, which was dominated by
local sources, with only 20% of Australian PM2.5 coming from a foreign anthropogenic
source. In South America, both O3 and PM2.5 concentrations were found to be primarily
from local anthropogenic sources, with 26% of sources contributing to O3
concentrations being foreign and 18% for PM2.5. South East Asia was the only region
for 2008 where foreign anthropogenic sources for both O3 and PM2.5 had a greater
impact compared to local sources (57% and 61% for O3 and PM2.5, respectively). SubSaharan African O3 and PM2.5 concentrations were both more influenced by local
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anthropogenic sources, with 48% and 31% of sources contributing to the region’s O3
and PM2.5, respectively, being foreign.

Looking to the future in 2030, all of the Southern Hemisphere regions studied here
showed a shift in the ratio of foreign to local sources that impact O3 and PM2.5
concentrations. Australia showed the greatest change, with the relative importance of
foreign anthropogenic sources increased to 73% (+20% from 2008) for O3 and 31%
(+11% from 2008) for PM2.5. For South America, relative foreign sources contributions
to O3 increased to 34% (+8% from 2008) while relative foreign anthropogenic sources
contributions to PM2.5 decreased to 16% (-2% from 2008). Both South East Asia and
Sub-Saharan Africa showed a decrease in the relative importance of foreign
anthropogenic sources to regional O3 and PM2.5 concentrations, with the role of foreign
anthropogenic sources in South East Asia decreasing to 54% for O3 (-3% from 2008)
and 41% for PM2.5 (-20% from 2008) and in Sub-Saharan Africa decreasing to 45% for
O3 (-3% from 2008) and 21% for PM2.5 (-10% from 2008).

When an alternate renewable energy scenario was applied to African emissions, there
was an impact locally within the Sub-Saharan African region as well as outside of the
region in Australia. The impact of foreign anthropogenic sources on Sub-Saharan
African O3 and PM2.5 concentrations increased by 5% and 1%, respectively, relatively to
the original 2030 emissions scenario. Australia showed no significant change in the
ratio of foreign to local anthropogenic sources for O3 concentrations (<1%), although
there was a decrease in the relative importance of foreign sources to PM2.5
concentrations (-2% relative to standard 2030 African emissions).
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The research presented here could be built upon by using other models to replicate the
HTAP2 protocol for the Southern Hemisphere. Currently, no other models have
performed the HTAP2 experiments for the regions evaluated here. Without multi-model
simulations, the uncertainty on the RERER values calculated here are quite high, so to
gain a more accurate estimate, a multi-model mean should be calculated. Further work
could also be done to make a 2030 emissions inventory that is more accurate for
Australia, as the RCP4.5 inventory used here predicts that by 2030 the Kalgoorlie mine
will have ceased operations and therefore little to no anthropogenic emissions will be
produced in the area. This is unlikely to be the case as the mine is predicted to be
operational past 2035. A more accurate 2030 emission inventory would likely show a
decrease in the impact foreign sources will have on Australian PM2.5 in the future.
Another way to improve the accuracy for the 2030 scenario would be to use one of the
newer emissions projections (one of the shared socioeconomic pathways (SSPs)),
instead of the RCP scenario. The SSPs are not currently available in GEOS-Chem but
when they do become available it would be valuable to see the difference in the
emissions projections they show for the Southern Hemisphere, particularly Australia.
Another area to expand upon in future would be to improve the accuracy of coastal grid
boxes in masking regional emissions. A prime example of this is the Australasian
region. While the HTAP2 definition for the region includes Australia, New Zealand and
the Pacific Islands, in this study only Australia was included due to masking issues with
coastal grid boxes. Future work could include New Zealand and the Pacific Islands in
the mask file, and these additional countries would likely yield interesting results as
they have a smaller land mass and population compared to Australia and would likely
be more dramatically influenced by foreign sources. Another important area of future
work would be to look at the effect of seasonal patterns on intercontinental transport in
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the Southern Hemisphere. As seasons change there can be significant differences in
emissions, transport, and chemical transformation of various air pollutants. These
differences could greatly effect what intercontinental air pollution looks like at different
times of the year in the Southern Hemisphere.

The work in this thesis has, for the first time, provided a quantitative estimate for
intercontinental air pollution transport for four large regions spanning the Southern
Hemisphere. It has shown that both foreign and local sources impact air pollutant
concentrations across the Southern Hemisphere. Australia is especially vulnerable to the
impact of foreign sources as it has a relatively small population and domestic
anthropogenic emission profile compared to regions upwind such as South America and
Sub-Saharan Africa. While changes can be made to reduce Australian domestic
emissions, it is likely that these changes will be outweighed by increasing foreign
emissions from neighbouring regions. The African renewable energy scenario showed
that an increase in the use of renewable energy resources in some African countries will
impact both Sub-Saharan Africa and Australia, thereby impacting Southern Hemisphere
intercontinental pollution transport and distribution. Overall, this thesis further
highlights the need for global collaboration as countries seek to improve their future air
quality.
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